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SUMMARY 

A s imula t ion  s tudy  w a s  undertaken t o  eva lua te  f l i g h t  opera t ions  using cockp i t  
d i s p l a y  of t r a f f i c  information (CDTI)  i n  a conventional j e t  t r a n s p o r t  aircraft .  I n  
t h i s  s tudy,  e i g h t  two-man f l i g h t  crews of a i r l i n e  p i l o t s  p a r t i c i p a t e d  as tes t  sub- 
jects f l y i n g  s imulated te rmina l  area approach and depa r tu re  opera t ions  under i n s t r u -  
ment meteoro logica l  cond i t ions  (IMC) with and without  t he  presence of CDTI. A 
f ixed-base cockp i t  s imula tor  configured with a f u l l  complement of convent ional  elec- 
tromechanical ins t rumenta t ion  to  permit f u l l  workload ope ra t ions  w a s  u t i l i z e d .  A 
p o s t u l a t e d  CDTI system, based on an experimental  a i rbo rne  c o l l i s i o n  avoidance t r a f f i c  
sensor ,  w a s  modeled i n  t h e  s imula t ion .  The t r a f f i c  information w a s  d i sp layed  on a 
color cathode-ray tube (CRT) mounted above the t h r o t t l e  quadrant  i n  t h e  t y p i c a l  
weather radar  l oca t ion ,  wi th  a t r anspa ren t  touchpanel over lay  u t i l i z e d  f o r  p i l o t  
i n t e r f a c e .  A i r  t r a f f i c  c o n t r o l  (ATC)  s imulat ion,  inc luding  an  experienced c o n t r o l l e r  
and f u l l  partyline radio commiinications with prerecorded t r a f f i c  s cena r ios ,  provided 
a real is t ic  t r a f f i c  environment f o r  evaluat ion of CDTI t a sks .  I d e n t i c a l  s cena r ios  
w e r e  flown wi th  and wi thout  CDTI t o  eva lua te  p i lo t - con t ro l l ed  se l f - sepa ra t ion  and 
t r a f f i c  s i t u a t i o n  monitoring tasks .  Cockpi t  procedures and workload w e r e  analyzed 
through p i l o t  r a t i n g s  and recorded audio,  video, and d i g i t a l  d a t a  of each s imula t ion  
run. Pos tu l a t ed  impact of CDTI on a i r p o r t  capaci ty ,  a i r c r a f t  ope ra t ing  procedures,  
and ATC w e r e  also included i n  the  eva lua t ion .  

Resu l t s  of t he  s tudy  revealed t h a t  t he  C D T I  w a s  w e l l  received by t h e  test  sub- 
jects as a u s e f u l  system which could be incorporated i n t o  an e x i s t i n g  j e t  t r a n s p o r t  
cockpi t .  The d i s p l a y  of t r a f f i c  information presented t h e  c r e w  with a d d i t i o n a l  
d u t i e s  and procedures  to  perform. Cockpit  workload w a s  increased  with a c t i v e  CDTI 
t a sks ;  however, a l l  tes t  s u b j e c t s  r a t e d  t h e  increase t o  be acceptab le .  C r e w  coordi-  
na t ion  and c o n s i s t e n t  ope ra t ing  procedures were i d e n t i f i e d  as important  considera-  
t i o n s  i n  o p e r a t i o n a l  implementation of t r a f f i c  d i sp l ays .  The p o s s i b i l i t y  of CDTI- 
induced d i s t r a c t i o n  from e x i s t i n g  procedures w a s  f u r t h e r  i d e n t i f i e d  as a p o t e n t i a l  
problem. C r e w  t r a i n i n g ,  experience level, and a le r t  and warning f e a t u r e s  w e r e  ci ted 
as f a c t o r s  a f f e c t i n g  the  d i s t r a c t i o n  p o t e n t i a l  of CDTI. 

I n - t r a i l  s e l f - spac ing  approach t a sks  performed i n  t h i s  s tudy  r e s u l t e d  i n  mean 
i n t e r a r r i v a l  t i m e  a t  t he  runway threshold  which w a s  7 . 2  seconds less than t h a t  
achieved f o r  i d e n t i c a l  s cena r ios  flown without CDTI. Dispers ion  of a r r i v a l  t i m e s  
a l s o  showed a decrease  i n  s tandard  dev ia t ion  of 6.6 seconds when t h e  p i l o t s  performed 
t h e i r  own spacing.  These r e s u l t s  suggest  the p o s s i b i l i t y  of increased  a i r p o r t  capa- 
c i t y  with t h e  use  of CDTI se l f - spac ing  procedures. Actual capac i ty  ga ins  would be 
dependent on t h e  mix of a i r c r a f t  types,  runway conf igu ra t ions ,  percentage of a i r c r a f t  
performing se l f - spac ing ,  and t h e  spacing criteria u t i l i z e d  by the  p i l o t s  and 
c o n t r o l l e r s .  

The f u e l  e f f i c i e n c y  of a i r c r a f t  performing CDTI approach se l f - spac ing  w a s  found 
to  be adve r se ly  a f f e c t e d  by e a r l y  i ssuance  of spacing c l ea rances  and by t h e  lack of 
adequate  spac ing  guidance dur ing  the  i n i t i a l  descent  segment. Opera t iona l  CDTI self- 
spac ing  procedures  would need c a r e f u l  development i n  o rde r  t o  minimize f u e l  p e n a l t i e s  
a s s o c i a t e d  wi th  these  t a sks .  

ATC r a d i o  communications decreased by 1 2  pe rcen t  f o r  t h e  CDTI approach self- 
spac ing  scena r ios .  This  reduct ion  r e f l e c t e d  t h e  fewer vec to r ing  i n s t r u c t i o n s  



requi red  by the se l f - spac ing  a i r c r a f t .  For t h e  depa r tu re  scena r io ,  p i l o t / c o n t r o l l e r  
coord ina t ion  requirements r e s u l t e d  i n  a 25-percent i nc rease  i n  r ad io  communications. 
Design of the procedures f o r  coord ina t ing  CDTI s e l f - sepa ra t ion  between p i l o t s  and 
c o n t r o l l e r s  has  a primary a f f e c t  on the  ATC impact of CDTI. Compared wi th  the  base- 
l i n e ,  no add i t iona l  communications from p i l o t s  ques t ion ing  ATC concerning t r a f f i c  on 
the CDTI were encountered dur ing  any of t h e s e  tests. 

INTRODUCTION 

Recent advances i n  d i g i t a l  av ion ic s  and e l e c t r o n i c  technology are provid ing  an  
inc reas ing  amount of information a v a i l a b l e  f o r  use i n  the cockp i t  of modern j e t  
t r a n s p o r t  a i r c r a f t .  Incorpora t ion  of t h i s  new technology and development of crew 
procedures for e f f e c t i v e  and s a f e  u t i l i z a t i o n  of t he  new information is a s u b j e c t  of 
g r e a t  concern i n  the  a v i a t i o n  community. One such technology is the  graphic  presen- 
t a t i o n  of surrounding t r a f f i c  on an e l e c t r o n i c  d i s p l a y  i n  the cockpi t .  

The concept of cockp i t  d i s p l a y  of t r a f f i c  information (CDTI)  w a s  f i r s t  proposed 
i n  the 1940's as a t e l e v i s i o n  broadcas t  of the a i r  t r a f f i c  c o n t r o l  radarscope d i s p l a y  
(ref. 1 1 .  Technical d e f i c i e n c i e s  and the  lack of clear b e n e f i t s  a s soc ia t ed  w i t h  t h i s  
concept prevented con t inua t ion  of those e a r l y  e f f o r t s .  I n  the 1970's, numerous simu- 
l a t i o n  s tud ie s  i d e n t i f i e d  s e v e r a l  poss ib l e  b e n e f i t s  a s soc ia t ed  with the  a c t i v e  use of 
CDTI.  Most notable w e r e  the e f f o r t s  by the  Massachusetts I n s t i t u t e  of Technology as 
summarized i n  r e f e rence  2. Among the  b e n e f i t s  c i t e d  i n  t h e s e  s t u d i e s  w e r e  increased  
a i r p o r t  capac i ty ,  reduced demand on c o n t r o l l e r s ,  improved s i t u a t i o n  awareness f o r  
p i l o t s ,  and enhanced s a f e t y  of f l i g h t .  

A j o i n t  program w a s  undertaken i n  the late 1970's by the  Nat iona l  Aeronautics 
and Space Administration (NASA) and the  Federa l  Aviat ion Adminis t ra t ion (FAA) t o  
explore  p o t e n t i a l  CDTI a p p l i c a t i o n s  under realist ic ope ra t iona l  and workload condi- 
t i o n s .  A s  a p a r t  of t h i s  program, the  Langley Research Center has been i n v e s t i g a t i n g  
CDTI app l i ca t ions  i n  the opera t ion  of t r a n s p o r t  a i r c r a f t  through the use of p i l o t e d  
s imula t ion  s tudies .  These s t u d i e s  (refs. 3 through 5) u t i l i z e d  a pa r t - t a sk  cockp i t  
s imula tor  t o  eva lua te  CDTI d i s p l a y  requirements and a c t i v e  se l f - sepa ra t ion  t a s k s  i n  
the  contex t  of terminal-area approach opera t ions .  

The primary ob jec t ive  of t h i s  s tudy  w a s  t o  extend the  part-task s t u d i e s  i n t o  a 
ful l -system environment involv ing  a i r l i n e  p i l o t s  and a comprehensive a i r  t r a f f i c  
s imula t ion .  T h e  focus of t h i s  e f f o r t  w a s  on cockp i t  procedures and workload under 
full-workload condi t ions .  Research i s s u e s  included crew d u t i e s ,  CDTI impact on 
e x i s t i n g  procedures, s e l f - sepa ra t ion  procedures ,  a i r p o r t  capac i ty ,  a i r c r a f t  f u e l  
e f f i c i e n c y ,  and CDTI impact on ATC. of p a r t i c u l a r  i n t e r e s t  w e r e  terminal-area 
approach operat ions which t y p i c a l l y  are t h e  most demanding on p i l o t s  and c o n t r o l l e r s  
and gene ra l ly  account  f o r  t he  ma jo r i ty  of de lays  experienced a t  major a i r p o r t s .  In- 
t r a i l  self-spacing methods involving time-based s e p a r a t i o n  cri teria developed i n  
re ference  5 were adapted f o r  use  i n  t h i s  study. 

The research method used i n  t h i s  s tudy  w a s  a comparative a n a l y s i s  of p i l o t  
workload and performance with and without  CDTI. Generic s cena r ios  of approach and 
depa r tu re  operat ions a t  S t ap le ton  I n t e r n a t i o n a l  Ai rpor t  i n  Denver, Colorado, w e r e  
devised based on c u r r e n t  opera t ions  i n  IMC. A i r l i n e  tes t  s u b j e c t s  f lew the  scena r ios  
wi thout  CDTI in  o rde r  t o  e s t a b l i s h  b a s e l i n e  performance, procedures,  and p i lo t  rat- 
ings  of workload. The scena r ios  were repeated with CDTI  used f o r  monitoring and/or 
s e l f - sepa ra t ion  tasks .  D a t a  taken dur ing  the  tests cons i s t ed  of sub jec t ive  p i l o t  
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r a t i n g s  and comments as w e l l  as d i g i t a l  recording of f l i g h t  parameters and audio and 
video record ings  of cockp i t  a c t i v i t i e s  during each s imula t ion  run. 

t i o n  w a s  provided,  wi th  a l l  major systems func t iona l  inc luding  a u t o p i l o t ,  dua l  f l i g h t  
directors,  naviga t ion ,  and communication radios .  Subsystems, such as hydraul ics  and 
electrical  systems, w e r e  modeled t o  the  ex ten t  necessary  t o  provide normal i n - f l i g h t  

RESEARCH SYSTEM 

This  s tudy  w a s  conducted by using a p i l o t e d  cockp i t  s imu la to r  i n  conjunct ion 
wi th  an a i r  traffic c o n t r o l  s imulat ion.  The research system w a s  designed t o  provide 
t h e  crew of t h e  cockp i t  s imula tor  with a realistic, full-workload environment. A 
block diagram of the  research  system is  shown i n  f i g u r e  1 .  The h o s t  computer w a s  a 
CDC@ CYBER-175 system, which contained the  mathematical a lgor i thms f o r  t h e  p i l o t e d  
s imula to r  and c o n t r o l l e d  t h e  c o r r e l a t i o n  and d i s t r i b u t i o n  of t r a f f i c  and d i s p l a y  d a t a  
to the  cockp i t  and c o n t r o l l e r  s t a t i o n .  Separate  graphics  computers w e r e  used t o  
gene ra t e  t h e  CDTI p i c t u r e  i n  t h e  cockp i t  and the c o n t r o l l e r  scope p i c t u r e  a t  the  con- 
t ro l le r  s t a t i o n .  Communication between the  cockpi t  s imu la to r  and the  c o n t r o l l e r  s ta -  
t i o n  w a s  handled through a radio-frequency matching system which permit ted audio 
communication only  when both t h e  c o n t r o l l e r  and cockp i t  w e r e  tuned to  the  same 
frequency. 

Cockpit  Simulator 
~ 

A i r  T r a f f i c  Control Simulat ion 

The c o n t r o l l e r  s t a t i o n  shown i n  f i g u r e  3 w a s  u t i l i z e d  to  provide t h e  a i r  t r a f f i c  
c o n t r o l  s imula t ion  for t h i s  study. The f o c a l  p o i n t  of the  s t a t i o n  w a s  a 20-inch- 
diameter  CRT d i s p l a y  which presented  an  e l e c t r o n i c  map of t h e  s imulated a i r space  t o  
t h e  c o n t r o l l e r .  The d i s p l a y  format and symbology used t o  r ep resen t  t h e  t r a f f i c  were 
a s i m p l i f i e d  ve r s ion  of t h a t  provided on a con t ro l  scope a t  t h e  Denver Terminal Radar 
Approach Cont ro l  f a c i l i t y  (TRACON) l oca t ed  i n  t h e  c o n t r o l  tower a t  S tap le ton  I n t e r -  
n a t i o n a l  A i r p o r t .  The d i s p l a y  w a s  o r i e n t e d  north up ( e i t h e r  magnetic o r  t r u e  a t  
c o n t r o l l e r  d i s c r e t i o n )  and could be centered  about var ious  loca t ions  i n  order  to  
s imula t e  t h e  d i f f e r e n t  c o n t r o l  s e c t o r s  i n  the  Denver area. The s i n g l e  c o n t r o l  
s t a t i o n  w a s  used t o  r ep resen t  a l l  a i r  t r a f f i c  c o n t r o l  sectors used i n  t h e  study. 
experienced a i r  t r a f f i c  c o n t r o l l e r  manned t h i s  s t a t i o n  throughout t hese  tests. 

An 

Simulat ion of d i f f e r e n t  c o n t r o l  s e c t o r s  using a s i n g l e  c o n t r o l  s t a t i o n  w a s  
handled by a radio-frequency matching system as i l l u s t r a t e d  i n  f i g u r e  1 .  Each 
c o n t r o l  sector w a s  ass igned  a specific r a d i o  frequency f o r  communication with the  
a i r c r a f t  f l y i n g  i n  t h a t  s e c t o r .  The c o n t r o l l e r  would select t h e  frequency of t h e  
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c o n t r o l  s ec to r  he  w a s  c u r r e n t l y  s imula t ing  on a r a d i o  tune r  mounted above h i s  c o n t r o l  
d i sp lay .  This frequency would be compared wi th  the frequency selected by the  a c t i v e  
r a d i o  i n  t h e  cockpi t  s imula tor  t o  determine whether t h e  audio  channel should be on o r  
o f f .  When the f requencies  matched, the c o n t r o l l e r  and cockp i t  c r e w  could communi- 
cate. I n  addi t ion  t h e  c o n t r o l l e r  w a s  p resented  a d i s p l a y  of t h e  a c t u a l  f requencies  
t o  which the  crew had tuned t h e i r  r ad ios  and an  i n d i c a t i o n  when the  microphone w a s  
keyed on a p a r t i c u l a r  frequency. Using an ove r r ide  swi tch ,  the c o n t r o l l e r  could then  
bypass the radio matching system and t a l k  d i r e c t l y  t o  t h e  c r e w .  This  f e a t u r e  w a s  
used when the crew w a s  t a l k i n g  on a frequency which w a s  no t  t h e  one ass igned  t o  them 
b u t  w a s  a l e g i t i m a t e  frequency f o r  another  s e c t o r  i n  t h e  Denver area. The c o n t r o l l e r  
would m i m i c  the o the r  sector and inform t h e  crew t o  tune t h e  proper  frequency. 

Prerecorded t raff ic  d a t a  w e r e  used t o  r e p r e s e n t  t he  o t h e r  a i rcraf t  f l y i n g  i n  t h e  
scena r ios .  The CYBER-175 would read t h e  t r a f f i c  t ape  a t  1-second i n t e r v a l s ,  process 
the  da t a ,  and send them t o  the  c o n t r o l l e r  s t a t i o n  graphics  computer a t  4-second 
i n t e r v a l s  ( the  approximate update rate f o r  te rmina l  area ground s u r v e i l l a n c e  r a d a r s ) .  
The t r a f f i c  data  w e r e  a l s o  s e n t  t o  the  CDTI g raphics  computer after process ing  by the 
a i rbo rne  t r a f f i c  sensor  s imula t ion  model contained i n  t h e  CYBER. The c o n t r o l l e r  
would use a s c r i p t  of communications wi th  the  o t h e r  a i rcraf t ,  c o r r e l a t e d  wi th  
s c e n a r i o  time and r a d i o  frequency, i n  o rde r  to  provide background p a r t y l i n e  communi- 
c a t i o n s  with the a i r c r a f t .  With a d i s p l a y  of t he  c u r r e n t  s cena r io  t i m e  and t h i s  
sc r ip t ,  t h e  c o n t r o l l e r  would read a communication t o  another  a i r c r a f t  a t  the  proper  
t i m e  i f  t he  cockpi t  c r e w  had a r a d i o  tuned t o  t h e  frequency i n d i c a t e d  on t h e  s c r i p t  
f o r  t h a t  p a r t i c u l a r  communication. The c o n t r o l l e r  would a l s o  read the responses  for 
the  o the r  t r a f f i c  i n  order  t o  provide the complete p a r t y l i n e  s imula t ion .  

EXPERIMENT DESIGN 

CDTI  Desc r ip t ion  

The t raff ic  information w a s  d i sp layed  t o  the crew on a co lo r  cathode-ray tube 
(CRT) loca ted  above the  t h r o t t l e  quadrant  a t  approximately the  same l o c a t i o n  as a 
s tandard  weather radar  u n i t .  The d i s p l a y  measured 9 inches  ac ross  t h e  d iagonal  and 
was f u l l y  covered by a t r anspa ren t  membrane-type touchpanel.  P i l o t  i n t e r f a c e  with 
t h e  CDTI w a s  handled with preprogrammed touchpanel func t ions  on the  d i sp lay .  

The format used f o r  t he  CDTI  is i l l u s t r a t e d  i n  f i g u r e  4. The t o p  and bottom 10 
pe rcen t  of the d i s p l a y  contained mode c o n t r o l  bu t tons  and a l e r t  warning information.  
The remaining 80 pe rcen t  of the  CDTI  w a s  a h o r i z o n t a l  p l an  view d i s p l a y  of own- 
a i r c r a f t  and traffic symbology superimposed on a naviga t ion  map. 

The navigat ion map presented  a graphic  r e p r e s e n t a t i o n  of major naviga t ion  a i d s  
and rou te  s t r u c t u r e  which would t r a n s l a t e  and r o t a t e  smoothly about  t he  own-a i rc raf t  
symbol i n  a track-up o r i e n t a t i o n .  The map w a s  composed of t h e  fou r  a r r i v a l  r o u t e s  
i n t o  the  Denver te rmina l  area, with naviga t ion  i n t e r s e c t i o n s  shown along each route .  
(See f i g .  5.) I n  add i t ion ,  t he  runway complex a t  S tap le ton  I n t e r n a t i o n a l  A i rpo r t ,  
wi th  extended c e n t e r l i n e  and o u t e r  marker l o c a t i o n  for  runway 26L, w a s  also drawn on 
the  map. Scal ing of t he  map d i s p l a y  w a s  accomplished by us ing  the  map IN/OUT bu t tons  
loca t ed  i n  the lower r i g h t  corner  of the d i sp lay .  (See f i g .  4.)  The a v a i l a b l e  map 
scales w e r e  5, 10,  15, 20, 25, 50, and 100 n a u t i c a l  m i l e s .  Scale factor would de- 
crease by touching map I N  ("zoom in"  on a smaller po r t ion  of t h e  d i s p l a y )  and in-  
crease by touching map OUT ("zoom o u t " ) .  Curren t  map scale w a s  given i n  the  upper 
r i g h t  po r t ion  of t he  d i s p l a y  i n  terms of t h e  d i s t a n c e  i n  n a u t i c a l  miles from own 
a i r c ra f t  to  the top  of the  map d i sp lay .  
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The symbol r ep resen t ing  own a i rc raf t  was f i xed  on the  d i sp lay ,  cen tered  hor i -  
z o n t a l l y  with two-thirds  of the  d i s p l a y  area i n  f r o n t  of t h e  symbol. The t i p  of t h e  
symbol r ep resen ted  t h e  c u r r e n t  p o s i t i o n  of own a i r c r a f t .  A curved p r e d i c t o r  vec tor  
extended f r o m  t h e  own-a i rc raf t  symbol ind ica t ing  the  ground t r a c k  own a i r c r a f t  would 
fo l low a t  c u r r e n t  groundspeed, heading, and turn rate. The end of the  p r e d i c t o r  
vec to r  i n d i c a t e d  t h e  p red ic t ed  f u t u r e  pos i t i on  of own a i r c r a f t  i n  60 seconds. 
Ins tan taneous  t r a c k  w a s  p resented  as a dashed l i n e  extendinq from the  t i p  of t h e  own- 
a i r c r a f t  symbol t o  t h e  t o p  of t h e  map d i sp lay .  P r e d i c t o r  re€erenca marks w e r e  drawn 
on each s i d e  of t h e  t r a c k  l i n e  t o  h i g h l i g h t  t h e  l ength  of t he  60-second curved pre- 
d i c t o r  dur ing  s t ra ight -ahead  o r  minimal turning s i t u a t i o n s .  A f ixed-range r e fe rence  
arc surrounded t h e  own-a i rc raf t  symbol ind ica t ing  a h o r i z o n t a l  d i s t a n c e  of 3 n a u t i c a l  
m i l e s  from own a i r c r a f t .  A numeric d a t a  t ag ,  g iv ing  own-a i rc raf t  groundspeed ( t e n s  
of kno t s )  and a l t i t u d e  (hundreds of f e e t ) ,  was loca ted  immediately b e l o w  t h e  own- 
a i r c r a f t  symbol. 

A s imula t ion  model of t h e  enhanced Tra f f i c  A l e r t  and C o l l i s i o n  Avoidance System 
(TCAS 11) w a s  used t o  measure and t r a c k  the  t r a f f i c  ( r e f .  6 ) .  T r a f f i c  information 
w a s  p resented  on t h e  d i s p l a y  as symbols ind ica t ing  the  l a s t  measured o r  t racked 
p o s i t i o n  of t h e  t r a f f i c .  The shape of the t r a f f i c  symbol encoded r e l a t i v e  a l t i t u d e  
and t r ack ing  s t a t u s  as i l l u s t r a t e d  i n  f i g u r e  6 .  The t r a f f i c  symbols remained f ixed  
t o  t h e  map u n t i l  an updated p o s i t i o n  w a s  determined by the  TCAS s imula t ion  model. An 
alphanumeric d a t a  t a g  w a s  a v a i l a b l e  f o r  each t r a f f i c  symbol which provided f l i g h t  
i d e n t i f i c a t i o n  (e.g., EA806 i n  f i g .  41, groundspeed ( t a n s  of k n o t s ) ,  and a l t i t u d e  
(hundreds of f e e t ) .  The groundspeed w a s  determined from t h e  TCAS t r ack ing  of t he  
t r a f f i c  and w a s  t h e r e f o r e  only a v a i l a b l e  f o r  those a i r c r a f t  being a c t i v e l y  t racked .  
I n  a d d i t i o n ,  a s t r a i g h t - l i n e  60-second p red ic to r  vec tor  w a s  a v a i l a b l e  f o r  t racked 
t r a f f i c .  For t r a f f i c  no t  being t racked ,  a groundspeed of ze ro  appeared i n  the  d a t a  
t a g  and a p r e d i c t o r  vec tor  could n o t  be displayed. 

Color coding of d i s p l a y  symbology w a s  u t i l i z e d  to  enhance r e a d a b i l i t y .  Navi- 
g a t i o n  map f e a t u r e s ,  inc luding  t h e  names of i n t e r s e c t i o n s ,  w e r e  drawn i n  dark b lue  
a g a i n s t  t he  b lack  background. I n a c t i v e  mode con t ro l  func t ion  hu t tons  and l a b e l s  w e r e  
whi te ,  with those f o r  t he  a c t i v e  mode colored green. Own-aircraft  symbology, includ- 
i n g  t r a c k  l i n e ,  p r e d i c t o r ,  range arc, and data  t ag ,  w e r e  a b r i g h t  cyan ( l i g h t  b l u e ) .  
T r a f f i c  symboloqy w a s  drawn i n  white ,  with the except ion Qf t h e  LEAD-aircraft sym- 
bology (def ined  i n  the  fo l lowing  paragraphs)  which w a s  magenta. In  add i t ion ,  t h e  
symbologies f o r  t r a f f i c  determined by the  TCAS s imula t ion  model t o  r e q u i r e  a t r a f f i c  
advisory  were s p e c i a l l y  coded f o r  quick recogni t ion by the  c r e w .  The t h r e e  levels of 
TCAS t r a f f i c  a d v i s o r i e s  which could be issued w e r e  proximity,  t h r e a t ,  and r e so lu t ion .  
T r a f f i c  wi th  a proximity advisory  would r e m a i n  white;  however, the  symbol would f l a s h  
on and o f f  a t  approximately 2 cyc le s  p e r  second. The symbologies f o r  t h r e a t  advisory  
t r a f f i c  w e r e  color-coded a f l a s h i n g  yellow, and those  f o r  r e s o l u t i o n  advisory  t r a f f i c  
w e r e  f l a s h i n g  red.  A complete d e s c r i p t i o n  of t h e  TCAS a d v i s o r i e s  can be found i n  
r e fe rence  6. The a c t u a l  r e s o l u t i o n  advisor ies  determined by t h e  TCAS (such as 
"climb" and "descend") w e r e  no t  presented t o  the  crew i n  t h i s  s imula t ion .  

The t r a n s p a r e n t  touchpanel mounted over the CRT w a s  used f o r  a l l  p i l o t  i n t e r f a c e  
wi th  t h e  d i sp lay .  Five t r a f f i c  and t w o  map sca le  func t ions  w e r e  provided as l abe led  
but tons  on the  top and bottom edges of the  d isp lay  as seen i n  f i g u r e  4.  S e l e c t i o n  of 
a d e s i r e d  func t ion  w a s  accomplished by touching the  correspondinq l abe led  box. The 
l a b e l  and box o u t l i n e  of t h e  s e l e c t e d  funct ion would change t o  green s i g n i f y i n q  an  
a c t i v e  mode, with any previous ly  s e l e c t e d  funct ion r e tu rn ing  t o  t h e  inactive mode 
c o l o r  ( w h i t e ) .  Af t e r  t h e  des i r ed  t r a f f i c  funct ion w a s  s e l e c t e d ,  touching a t r a f f i c  
symbol r e s u l t e d  i n  t h e  ope ra t ion  being performed on t h a t  symbol. The func t ion  mode 
would become i n a c t i v e  fo l lowing  a success fu l  opera t ion  t o  prevent  a c c i d e n t a l l y  
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touching t h e  same o r  d i f f e r e n t  t r a f f i c  symbols s e v e r a l  t i m e s  whi le  i n  t h e  same mode. 
A desc r ip t ion  of t h e  f i v e  t r a f f i c  func t ions  is given i n  t h e  fo l lowing  paragraphs.  

TRAF ( t r a f f i c  s e l e c t i o n ) :  This  func t ion  reset t h e  d i s p l a y  t o  d e f a u l t  condi- 
t i o n s .  Symbologies f o r  a l l  t r a f f i c  wi th in  range of t h e  TCAS sensor  (approximately 
25 n a u t i c a l  miles) w e r e  d i sp layed ,  with p r e d i c t o r  vec to r s  and d a t a  t ags  removed from 
a l l  t r a f f i c  symbols. Touching t r a f f i c  symbols while  i n  t h i s  mode d id  nothing. 

DEL ( t r a f f i c  d e l e t i o n ) :  This  func t ion  w a s  used t o  d e l e t e  t r a f f i c  symbols from 
the  d i s p l a y .  T r a f f i c  d e l e t e d  i n  t h i s  manner could be r e tu rned  t o  the  d i s p l a y  by 
p res s ing  TRAF. Any t r a f f i c  symbol with a TCAS, advisory  w a s  au tomat i ca l ly  d isp layed  
and could not be de l e t ed .  

PRED (p red ic to r ) :  This func t ion  w a s  used to  add or remove a t r a f f i c  p r e d i c t o r  
vec tor .  Only t r a f f i c  being a c t i v e l y  t racked  could have p r e d i c t o r s .  A s  noted above, 
a l l  p red ic to r  vec tors  could be removed s imultaneously by touching t h e  TRAF func t ion .  

TAG (da ta  t a g ) :  This  func t ion  w a s  used t o  add o r  remove the  alphanumeric d a t a  
t a g  ad jacen t  t o  the  t r a f f i c  symbol. Once aga in ,  t h e  TRAF func t ion  could be used to  
remove a l l  data tags. 

LEAD ( lead a i r c r a f t ) :  This  func t ion  des igna ted  a t r a f f i c  symbol t o  be t h e  lead  
a i r c r a f t  f o r  t h e  i n - t r a i l  se l f - spac ing  t a sk .  A complete d e s c r i p t i o n  of t he  s e l f -  
spacing t a sk  and d i s p l a y  symbology used f o r  t he  lead  a i r c r a f t  is given i n  t h e  s e c t i o n  
"CDTI Self-Separation." 

A i r  T r a f f i c  Scenar io  

The a i r  t r a f f i c  environment modeled f o r  t h i s  s tudy  w a s  an area wi th in  a r a d i u s  
of approximately 100 n a u t i c a l  m i l e s  of t he  S tap le ton  I n t e r n a t i o n a l  Ai rpor t  i n  Denver, 
Colorado. Approach and depa r tu re  scena r ios  a t  t h e  S tap le ton  A i r p o r t  w e r e  s imulated 
f o r  instrument weather condi t ions .  The approach scena r ios  beqan with the  s imula tor  
a t  c r u i s e  a l t i t u d e  prior to  i n i t i a t i n g  descent  i n t o  t h e  Denver te rmina l  area and 
concluded with an instrument  landing system (ILS) approach to  runway 26L a t  Denver. 
The depar ture  scena r ios  began with takeoff  from runway 35L a t  Denver, followed by a 
south  departure  from t h e  Denver te rmina l  area. T r a f f i c  a i r c r a f t  w e r e  i n s e r t e d  i n t o  
the  scenar ios  by using a prerecorded t r a f f i c  gene ra t ion  technique.  A complete de- 
s c r i p t i o n  of t h e  a i r  t r a f f i c  s cena r io  genera t ion  technique,  as w e l l  as t h e  t r a f f i c  
environment used i n  t h i s  s tudy ,  may be found i n  re ference  7. 

C r e w  Procedures 

The test s u b j e c t s  used i n  t h i s  s tudy  w e r e  a c t i v e  p i l o t s  employed by two major 
United S t a t e s  domestic a i r l i n e s .  A l l  p i l o t s  w e r e  q u a l i f i e d  t o  f l y  DC-9 S e r i e s  30 
a i rcraf t  w i t h  t h e i r  r e spec t ive  a i r l i n e s .  Each test  c r e w ,  c o n s i s t i n g  of two p i l o t s  
from t h e  same a i r l i n e ,  w a s  i n s t r u c t e d  t o  observe t h e  normal ope ra t ing  procedures 
of t h e i r  a i r l i n e .  Operat ing manuals, c h e c k l i s t s ,  and speed c h a r t s  used dur ing  t h e  
tests w e r e  the same as  those used by t h e  a i r l i n e  which employed t h e  test  subjects. 
I n  a d d i t i o n ,  s p e c i f i c  i n s t r u c t i o n s  desc r ib ing  t h e  approach and depar ture  scena r ios  
w e r e  provided t h e  c r e w  dur ing  b r i e f i n g  s e s s i o n s  p r i o r  t o  t h e  s imula t ion  runs. A copy 
of t hese  p i l o t  i n s t r u c t i o n s  may be found i n  appendix A. The c r e w  member a c t i n g  as 
Captain w a s  f u r t h e r  i n s t r u c t e d  t o  be t h e  f l y i n g  p i l o t  dur ing  a l l  t h e  d a t a  runs,  with 
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t h e  F i r s t  O f f i c e r  performing the  nonflying du t i e s .  
Capta in  and F i r s t  O f f i c e r  w e r e  permit ted t o  a l t e r n a t e  f l y i n g  d u t i e s .  

During p r a c t i c e  se s s ions ,  the  

CDTI Self-Separation 

The normal c r e w  f l i g h t  d u t i e s  w e r e  augmented by s p e c i a l  procedures €or  u t i l i z a -  
t i o n  of t h e  CDTI d i s p l a y  information. These procedures w e r e  designed to  apply an 
ex tens ion  of v i s u a l  s epa ra t ion  procedures t o  nonvisual  s i t u a t i o n s  where s e p a r a t i o n  
could be d isp layed  on t h e  CDTI. Terminology and r u l e s  for CDTI s e l f - sepa ra t ion  w e r e  
developed and d iscussed  with t h e  t e s t  sub jec t s  prior t o  the  s imula t ion  runs.  The 
w r i t t e n  procedures ,  as provided the  test sub jec t s ,  may be found i n  appendix B. 

During t h e  course of the  s imula t ion  t e s t i n g ,  t he  tes t  s u b j e c t s  w e r e  given t w o  
s i t u a t i o n s  where t h e  CDTI s e l f - sepa ra t ion  procedures w e r e  appl ied .  The f i r s t  s i t u a -  
t i o n  w a s  an approach scena r io  where the  crew was i n s t r u c t e d  t o  e s t a b l i s h  and maintain 
a s p e c i f i e d  spacing i n t e r v a l  behind another  a i r c r a f t  on approach t o  t h e  same landing 
runway. This  t a s k  is  referred t o  as approach i n - t r a i l  spacing.  The second s i t u a t i o n  
w a s  a depa r tu re  where t h e  c r e w  was i n s t r u c t e d  to  avoid s p e c i f i c  approaching a i r c ra f t  
dur ing  climbout a f t e r  takeoff .  For both s i t u a t i o n s ,  t he  crews w e r e  given gene ra l  
b r i e f i n g s  on i n t e r p r e t a t i o n  of CDTI d i s p l a y  information and suggested a c t i o n s ;  
however, crew coord ina t ion  and implementation tactics w e r e  developed by each c r e w  
dur ing  t r a i n i n g  se s s ions .  

The approach i n - t r a i l  spacing t a s k  employed a sepa ra t ion  technique r e f e r r e d  to  
as "constant-t ime-delay spac ing ,"  as descr ibed i n  r e fe rence  5. E s s e n t i a l l y ,  t h i s  
technique d i s p l a y s  the  d e s i r e d  l o c a t i o n  of own a i rc raf t  on t h e  CDTI f o r  a s p e c i f i e d  
constant- t ime i n t e r v a l  behind the  des igna ted  lead a i r c r a f t .  A s  descr ibed  i n  refer- 
ence 5, t h i s  time-based spacing technique has been found t o  be o p e r a t i o n a l l y  s u i t a b l e  
f o r  t he  descending, d e c e l e r a t i n g  approach-to-landing s i t u a t i o n  for  similar perform- 
ance a i r c r a f t .  

F igure  7 shows a drawing of t h e  information d isp layed  on t h e  CDTI t o  a s s i s t  the  
p i lo t s  with the  i n - t r a i l  spacing t a sk .  This information w a s  d i sp layed  €or t h e  
t r a f f i c  symbol s e l e c t e d  using the  LEAD funct ion but ton.  A s  shown i n  the  i i q u r e ,  a 
h i s t o r y  t r a i l  of p a s t  p o s i t i o n  d o t s  w a s  displayed f o r  t he  lead  aircraft .  The d o t s  
r e p r e s e n t  prev ious  map p o s i t i o n s  of t h e  lead a i r c r a f t  a t  4-second i n t e r v a l s  for a 
t o t a l  h i s t o r y  of 100 seconds.  A spacing box w a s  drawn a t  t h e  p o i n t  on t h e  h i s t o r y  
t r a i l  equ iva len t  to  the  s p e c i f i e d  80-second-spacing t i m e  i n t e r v a l .  This  box repre-  
sen ted  t h e  d e s i r e d  l o c a t i o n  of own a i r c ra f t  i n  o rde r  t o  maintain the  s p e c i f i e d  t i m e  
i n t e r v a l  behind t h e  lead  a i r c r a f t .  The top  and bottom s o l i d  l i n e s  of t h e  spacing box 
provided a 15-second b u f f e r  about the  des i red  t i m e .  A numeric data t a g  g iv ing  t h e  
speed and a l t i t u d e  of t h e  box and a speed re ference  arc w e r e  provided t o  a i d  t h e  
p i l o t  i n  cap tu r ing  and maintaining p o s i t i o n  i n  t h e  box. The d i s p l a y  d i s t a n c e  from 
t h e  d e s i r e d  spacing l o c a t i o n  t o  t h e  speed re ference  w a s  equa l  t o  t h e  ins tan taneous  
groundspeed of t he  box mul t ip l i ed  by 60 seconds. The r e l a t i v e  p o s i t i o n s  of t h e  speed 
r e fe rence  arc and the t i p  of t h e  own-aircraf t  60-second p r e d i c t o r  vec tor  provided t h e  
p i l o t s  wi th  a quick r e fe rence  f o r  maintaining proper  spacing.  The recommended tech-  
nique w a s  t o  keep t h e  t i p  of own-aircraf t  p red ic to r  on t h e  speed re ference  arc i f  t h e  
own-a i rc raf t  symbol w a s  anywhere wi th in  the  spacing box, o therwise  t o  use the  numeric 
groundspeed t a g s  of own a i r c r a f t  and t h e  spacing box i n  o rde r  to  establish a c losu re  
rate on the  box. I n  a l l  cases, the  a i r speed  l i m i t s  of own a i r c r a f t  took precedence 
over  t h e  spac ing  t a sk .  
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T e s t  Condi t ions 

Terminal area 
Condition ope ra t ion  

1 Approach 
2 Approach 
3 Approach 
4 Departure 
5 Departure 

A series of test  condi t ions  w a s  devised t o  provide a comparative a n a l y s i s  of 
present-day approach and depar ture  Operat ions with var ious  l e v e l s  of CDTI usage. 
f i v e  combinations of te rmina l  area ope ra t ion  and CDTI  usage l e v e l  which w e r e  t e s t e d  
are given as follows: 

The 

CDTI 
usage l e v e l  

N o  CDTI 
CDTI monitor ing 

CDTI s e l f - s e p a r a t i o n  
N o  CDTI 

CDTI s e l f - s e p a r a t i o n  

The major emphasis of this s tudy  w a s  on the f i r s t  three condi t ions  involv ing  
approach operat ions.  Each of t h e  t h r e e  condi t ions  employed the  i d e n t i c a l  approach 
t r a f f i c  scenar io  and i n i t i a l  condi t ions  f o r  t he  p i l o t e d  cockpi t  s imula tor .  Condi- 
t i o n  1 w a s  the b a s e l i n e  approach with the tes t  s u b j e c t s  f l y i n g  the f i n a l  c r u i s e ,  
descent ,  and approach t o  landing a t  Denver as would be flown i n  today 's  ATC environ- 
ment. The t r a f f i c  d i s p l a y  w a s  turned on €or  the c r e w  t o  u t i l i z e  i n  a monitoring r o l e  
f o r  condi t ion  2 ,  with the crew given a se l f - sepa ra t ion  t a s k  involv ing  i n - t r a i l  f o l -  
lowing of another a i r c r a f t  f o r  cond i t ion  3 .  Although each of t hese  cond i t ions  u t i -  
l i z e d  i d e n t i c a l  approach t raff ic  scena r ios ,  t h i s  s i t u a t i o n  w a s  no t  revealed t o  the  
t e s t  sub jec t s .  I n  add i t ion ,  d i f f e r e n t  a i r c r a f t  i d e n t i f i c a t i o n s  were ass igned  to  t h e  
t r a f f i c  a i r c r a f t  on each run i n  o rde r  to  assist i n  masking the  s i m i l a r i t y  of the  
scena r ios  from the  test sub jec t s .  Also, depa r tu re  t r a f f i c  a i r c r a f t  d i sp layed  dur ing  
r e p l i c a t i o n  runs of condi t ion  3 w e r e  var ied  to  p resen t  a d i f f e r e n t  t r a f f i c  p i c t u r e  t o  
the  p l o t s .  

Conditions 4 and 5 w e r e  added t o  the  test  mat r ix  i n  order  to  provide a pre l imi-  
nary assessment of CDTI u t i l i z a t i o n  dur ing  depa r tu re  opera t ions .  P i l o t  i n s t r u c t i o n s  
and CDTI procedures were less s p e c i f i c  than f o r  t he  approach cond i t ions ,  with the 
d a t a  a n a l y s i s  being of a more q u a l i t a t i v e  na ture .  The base l ine  depa r tu re  (condi- 
t i o n  4 )  cons is ted  of the  takeoff  and i n i t i a l  cl imb segments of a f l i g h t  from Denver. 
Condition 5 added CDTI and a se l f - sepa ra t ion  t a sk  to  the  base l ine  depa r tu re  scenar io .  
The se l f - sepa ra t ion  t a sk  w a s  t o  u t i l i z e  the t r a f f i c  d i s p l a y  t o  i d e n t i f y  and avoid 
s p e c i f i e d  t r a f f i c  dur ing  the depar ture .  The scena r io  w a s  designed t o  r e q u i r e  p i l o t  
a c t i o n  i n  order t o  avoid c o n f l i c t  with the t r a f f i c .  

A t o t a l  of 16 a i r l i n e  p i lo t s  from two major United States domestic a i r l i n e s  
p a r t i c i p a t e d  as t e s t  s u b j e c t s  i n  this study.  The tes t  s u b j e c t s  were grouped i n t o  8 
crews of two p i l o t s  each, w i t h  only p i l o t s  from the  same a i r l i n e  f l y i n g  toge the r  as a 
c r e w .  A sequence of s imulator  f a m i l i a r i z a t i o n ,  CDTI t r a i n i n g ,  and d a t a  runs w a s  con- 
ducted over a 2-day per iod  w i t h  each c r e w .  Table I provides  the  t r a i n i n g  and tes t  
run sequence which w a s  observed f o r  t he  crews. The amount of t i m e  devoted t o  speci- 
f i c  t r a i n i n g  se s s ions  w a s  no t  c o n s i s t e n t  between the test  crews because of t i m e  con- 
s t r a i n t s  within the  2-day t e s t i n g  schedule .  I n  a d d i t i o n ,  t he  test s u b j e c t s  w e r e  
allowed add i t iona l  t r a i n i n g  t i m e  wi th  the  CDTI i f  they  f e l t  unce r t a in  about  using o r  
understanding the information on the d i sp lay .  Table I1 shows the t r a i n i n g  and d a t a  
runs a c t u a l l y  completed by each of t he  e i g h t  test  crews. 
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RESULTS AND DISCUSSION 

Resu l t s  from t h i s  s tudy  w e r e  obtained i n  t h e  form of p i l o t  opinions from 
q u e s t i o n n a i r e s  and d e b r i e f i n g  se s s ions  as w e l l  as q u a n t i t a t i v e  measures of a i r p l a n e  
s ta te  v a r i a b l e s  and systems s t a t u s  parameters coupled with d e t a i l e d  audio and video 
cockp i t  record ings  of each d a t a  run. The complexity of the  research  i s s u e s  and 
l i m i t e d  number of d a t a  runs and test s u b j e c t s  prevented a r igorous  s t a t i s t i ca l  
a n a l y s i s  of t h e  r e s u l t s .  Rather ,  a more sub jec t ive  approach w a s  appl ied  t o  t h e  d a t a  
a n a l y s i s .  The major research  i s s u e s  were addressed by using p i l o t  ques t ionna i r e s  
fo l lowing  each data run and a t  t h e  conclusion of a l l  t e s t i n g .  P i l o t  comments on 
t h e s e  as w e l l  as i s s u e s  n o t  covered i n  t h e  ques t ionnai res  w e r e  ob ta ined  dur ing  
d e b r i e f i n g  se s s ions .  F i n a l l y ,  t h e  recorded da ta  w e r e  reviewed t o  supplement t he  
s u b j e c t i v e  r e s u l t s .  The ques t ionna i r e s  and r a t i n g  scales used i n  t h i s  s tudy  may be 
found i n  appendix C. 

Cockpit Procedures Considerat ions 

A piimary CGZCSKZ the i n tKd i i c t io i i  of Gvckpii trar'cic dispiays is the 
impact of such information on cockpi t  d u t i e s  and procedures.  This  i s s u e  is twofold,  
namely, what is  the  e f f e c t  on e x i s t i n g  procedures, and what new procedures are 
r equ i r ed  to  e f f e c t i v e l y  u t i l i z e  the  t r a f f i c  information. The test scena r ios  i n  t h i s  
s tudy  w e r e  designed t o  address  these  quest ions from the  s t andpo in t  of a convent ional  
two-crew j e t  t r a n s p o r t  cockp i t  con f igu ra t ion  with CDTI added as a r e t r o f i t  system. 

C r e w  dut ies . -  The f l i g h t  c r e w  of a DC-9 c l a s s  a i rc raf t  c o n s i s t s  of a Captain,  
who is i n  command of and respons ib le  f o r  t h e  a i r c r a f t ,  and a F i r s t  Of f i ce r .  
Although, e i t h e r  crew member may a c t u a l l y  f l y  t h e  a i r c r a f t ,  a l l  d a t a  runs i n  t h i s  
s tudy  w e r e  conducted wi th  the Captain as the f l y i n g  p i l o t .  

The d i v i s i o n  of d u t i e s  between t h e  f ly ing  and nonflying p i l o t s  w a s  gene ra l ly  t h e  
same f o r  a l l  t h e  tes t  crews i n  t h i s  s tudy.  The f l y i n g  p i l o t  performed the b a s i c  
f l i g h t  c o n t r o l  e i t h e r  manually or with a u t o p i l o t  func t ions .  
p i l o t  would ca l l  f o r  and respond t o  check l i s t s ,  conduct approach b r i e f i n g s ,  and 
monitor subsystems and communications on a t ime-available b a s i s .  The nonflying p i l o t  
would handle ATC communications, tune r ad ios ,  read and respond t o  c h e c k l i s t s ,  monitor 
subsystems, and provide backup on primary f l i g h t  parameters and naviga t ion .  The 
amount of i n t e r a c t i o n  between the  f l y i n g  and nonflying p i lo t s  va r i ed  between c r e w s  
and between runs f o r  t he  same crew. 

I n  add i t ion ,  t h e  f l y i n g  

The a d d i t i o n  of t r a f f i c  information presented t h e  c r e w  with a new system t o  
ope ra t e  and monitor when necessary o r  des i red .  S p e c i f i c  c r e w  d u t i e s  a s soc ia t ed  wi th  
t h e  t r a f f i c  d i s p l a y  w e r e  dependent on the  f l i g h t  s i t u a t i o n  and mode of t r a f f i c  se- 
p a r a t i o n  being employed. For s i t u a t i o n s  where t r a f f i c  s e p a r a t i o n  w a s  provided by 
ATC, t h e  t r a f f i c  d i s p l a y  w a s  merely a monitoring device  wi th  no specific func t ion .  
I n  this  case, both  p i lo t s  would u t i l i z e  the device on a t ime-avai lable  basis i n  o r d e r  
t o  keep abreast of t he  t r a f f i c  s i t u a t i o n  and i d e n t i f y  t r a f f i c  po in ted  o u t  by ATC. 
Typ ica l ly  the nonf ly ing  p i l o t  would ope ra t e  the c o n t r o l s  on the  t r a f f i c  d i s p l a y ,  
o f t e n  a t  t h e  r eques t  of t he  f l y i n g  p i l o t .  When the  crew w a s  given a se l f - sepa ra t ion  
t a s k ,  ope ra t ion  of t h e  t r a f f i c  d i s p l a y  became a necess i ty .  I n  t h i s  case, the  f l y i n g  
p i l o t  would use  the  t r a f f i c  d i s p l a y  f o r  speed, heading, and poss ib ly  a l t i t u d e  guid- 
ance i n  o rde r  t o  e s t a b l i s h  o r  maintain t r a f f i c  s e p a r a t i o n .  Actual  ope ra t ion  of t h e  
d i s p l a y  (map s c a l i n g ,  t r a f f i c  s e l e c t i o n ,  etc.) w a s  s t i l l  t y p i c a l l y  handled by t h e  
nonflying p i l o t .  CDTI opera t ions  d id  not  a f f e c t  t h e  na tu re  and e x t e n t  of c r e w  
i n t e r a c t i o n  and coord ina t ion .  
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C D T I  impact on e x i s t i n g  procedures.- A t  t h e  conclusion of t h e  s imula t ion  runs ,  
t he  tes t  sub jec t s  w e r e  asked t o  assess the  impact of CDTI on t h e i r  normal ope ra t inq  
procedures.  This assessment w a s  i n  t he  form of r a t i n g  t h e  p o t e n t i a l  f o r  d i s t r a c t i o n  
from normal du t i e s  as w e l l  as enhancements t o  procedures  a f forded  by the  t r a f f i c  
information.  

F igure  8 shows t h e  p i l o t  r a t i n g s  of t h e  l i ke l ihood  t h a t  a t r a f f i c  d i s p l a y  would 
be a d i s t r a c t i o n  from normal d u t i e s .  A s  seen  i n  t h e  f i g u r e ,  t h e r e  w a s  a wide ranqe 
of opinions concerning t h e  d i s t r a c t i o n  p o t e n t i a l  of CDTI ,  with a l l  b u t  t w o  of t he  
p i l o t s  i nd ica t ing  some l ike l ihood  f o r  d i s t r a c t i o n .  Most of t h e  p i l o t s  commented t h a t  
t h e  t r a f f i c  d i sp lay  w a s  a compelling device  which drew t h e i r  a t t e n t i o n  €or  longer  
per iods  of time than necessary f o r  the  t a sk .  The novel ty  of t he  device  w a s  c i t e d  as 
t h e  prime reason f o r  t h i s  d i s t r a c t i o n ,  with most p i l o t s  express ing  the  opinion t h a t  
t h i s  s i t u a t i o n  would improve with more exposure t o  the  system. It should be noted 
t h a t  14 of the 16 t e s t  sub jec t s  i n  t h i s  s tudy  had v i r t u a l l y  no p r i o r  experience with 
e l e c t r o n i c  map p resen ta t ion  such as t h a t  provided by the  t r a f f i c  d i s p l a y  i n  t h i s  
s tudy  . 

A l l  major procedures involving c h e c k l i s t s  w e r e  found t o  be unaf fec ted  by CDTI 
usage. These procedures are t r igge red  by s p e c i f i c  events ,  such as i n i t i a t i n g  descen t  
o r  lowering landing gear ,  and w e r e  accomplished r o u t i n e l y  r ega rd le s s  of CDTI t a sks .  
The e f f e c t  of CDTI on p i l o t  recogni t ion  of a problem i n  one of t he  subsystems of t h e  
a i r p l a n e  w a s  not addressed i n  t h i s  study. However, review of video record ings  of t he  
cockpi t  during t h e  da t a  runs d i d  show the  p i l o t s  spending a good d e a l  of t i m e  watch- 
i n g  the  t r a f f i c  d i s p l a y ,  which miqht suqges t  less t i m e  being spen t  monitorinq sys- 
t e m s .  As discussed previous ly ,  t h i s  s i t u a t i o n  w a s  p r imar i ly  the  r e s u l t  of t h e  
novel ty  of the d i s p l a y  and may not  be r e p r e s e n t a t i v e  of a c t u a l  opera t ions .  

A p o t e n t i a l  adverse e f f e c t  of CDTI w a s  i n  the  f l y i n g  p i l o t ' s  a b i l i t y  t o  incor -  
po ra t e  the  t r a f f i c  information i n t o  h i s  primary f l i g h t  instrument  scan. D i s t r a c t i o n  
from primary f l i g h t  instruments  can r e s u l t  i n  excurs ions  from des i r ed  f l i g h t  condi- 
t i o n s  such as a l t i t u d e  and a i r speed  which are not  no t iced  o r  compensated f o r  by the  
p i l o t  i n  a t imely manner. To analyze the  p i l o t ' s  performance of c o n t r o l l i n g  a l t i t u d e  
and a i r speed ,  t i m e  h i s t o r i e s  of each da ta  run w e r e  developed which compared actual  
a l t i t u d e  and a i r speed  with the  des i r ed  values .  The d e s i r e d  a l t i t u d e  w a s  def ined  as 
t h e  ATC-instructed a l t i t u d e  2250 f e e t .  A dev ia t ion  beyond t h e  250-foot t o l e rance  f o r  
more than 5 seconds w a s  recorded as an a l t i t u d e  excursion.  T r a n s i t i o n s  between 
ass igned  a l t i t u d e s  w e r e  no t  included i n  t h e  a n a l y s i s .  Airspeed excursions w e r e  
recorded when t h e  a i r speed  exceeded 5 knots  above o r  below the  maximum and minimum 
a i r speeds ,  respec t ive ly ,  f o r  more than 5 seconds.  The magnitude of t he  a i r speed  
excursion w a s  def ined  as the  peak value which occurred dur ing  the  excursion.  The 
maximum airspeed w a s  chosen t o  be the  maximum al lowable a i r speed  f o r  t he  a i r c r a f t ' s  
c u r r e n t  f l a p  conf igura t ion .  Minimum a i r speed  w a s  def ined  as the  maneuvering speed 
given i n  t h e  landing speeds re ference  c h a r t  f o r  t he  c u r r e n t  f l a p  conf igu ra t ion  and 
p ro jec t ed  landing weight.  ATC-assigned speeds w e r e  no t  considered i n  the  a n a l y s i s  
s i n c e  speed con t ro l  w a s  no t  uniformly appl ied  t o  a l l  s imula t ion  runs and t h e  s e l f -  
s epa ra t ion  runs wi th  CDTI had no ATC-assigned speeds.  

R e s u l t s  of t h e  a l t i t u d e  a n a l y s i s  showed t h a t  no excurs ions  occurred i n  any of 
the  d a t a  runs with o r  without  CDTI. Seve ra l  p i l o t s ,  however, commented t h a t  a l t i t u d e  
c o n t r o l  w a s  more d i f f i c u l t  when they w e r e  u s ing  t h e  t r a f f i c  d i s p l a y  for se l f -  
sepa ra t ion .  The a l t i t u d e  a l e r t i n g  system on t h e  a i r p l a n e ,  which inc ludes  audio and 
v i s u a l  cues a t  750 feet and 250 f e e t  p r i o r  t o  reaching a p rese l ec t ed  a l t i t u d e ,  w a s  
ins t rumenta l  i n  a l e r t i n g  t h e  pi lots  to  an approaching ass igned  a l t i t u d e .  On s e v e r a l  
occas ions ,  these a l e r t s  e f f e c t i v e l y  drew t h e  a t t e n t i o n  of t he  p i l o t s  back to  t h e  
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primary f l i g h t  ins t ruments  and prevented a probable a l t i t u d e  excursion as the  a i r -  
p lane  reached a new assigned a l t i t u d e .  A few of t h e  p i l o t s  suggested inco rpora t ing  
a n  a l t i t u d e  a le r t  on t h e  t r a f f i c  d i s p l a y  to  insure  p i l o t  r ecogn i t ion  of approaching 
ass igned  a l t i t u d e s  dur ing  climbs and descents .  Once e s t a b l i s h e d  a t  an a l t i t u d e ,  t h e  
p i l o t s  had no t r o u b l e  hold ing  a l t i t u d e  either manually o r  wi th  the a u t o p i l o t .  

Airspeed excurs ions  w e r e  recorded during 13 of t h e  approach d a t a  runs.  A t r end  
of inc reas ing  a i r speed  v i o l a t i o n s  with increas ing  CDTI usage w a s  ev ident .  Figure 9 
shows t h e  average frequency of a i r speed  excursions as a func t ion  of CDTI usage l e v e l .  
The magnitude of t h e  speed excurs ions  w a s  a l so  found t o  inc rease  with inc reas ing  CDTI 
usage as shown i n  f i g u r e  10. Review of cockpi t  video record ings  showed t h e  p i l o t s  t o  
be o f t e n  preoccupied with watching the  t r a f f i c  d i s p l a y  a t  t h e  t i m e s  when the  a i r speed  
excurs ions  occurred.  I n  a l l  cases, t h e  airspeed excurs ions  w e r e  a t  the minimum air-  
speed condi t ion .  The p i l o t s  w e r e  i nadve r t en t ly  a l lowing t h e  a i r p l a n e  to  reach a 
lower airspeed than  it should f o r  t h e  f l a p  conf igura t ion  they  were using. Although 
no hazardous s i t u a t i o n s  w e r e  encountered, the p o t e n t i a l  €or  a s t a l l  dur ing  an abrupt  
maneuver w a s  increased .  

The. pri-ma-ry f ac tn r  which ccntributed t= the pr~hlern of e X c i i r s i u I i s  b e l o w  minimum 
maneuvering speed w a s  i d e n t i f i e d  as a d i s t r a c t i o n  from scanning the airspeed ind i -  
cator. Seve ra l  p i lo t s  suggested an a i r speed  i n d i c a t i o n  with some a l e r t i n g  f e a t u r e  be 
included on t h e  t r a f f i c  d i s p l a y  i n  o rde r  to  a l l e v i a t e  t h i s  problem. 

P o s i t i v e  e f f e c t s  of CDTI on normal procedures were c i t e d  by s e v e r a l  of t he  test 
s u b j e c t s .  Most no tab ly  w a s  t h e  improvement i n  t r a f f i c  awareness and f l i g h t  planning 
a f fo rded  by the t r a f f i c  d i sp l ay .  Severa l  of the p i l o t s  s t a t e d  t h a t  knowledge of the  
t r a f f i c  flow w a s  an i n t e g r a l  p a r t  of t h e i r  mental p repa ra t ion  and planning f o r  a i r -  
speed, a l t i t u d e ,  and heading changes. without CDTI, t hese  p i l o t s  r e l i e d  on voice 
communications (ATC p a r t y l i n e )  t o  create a mental image of t h e  t r a f f i c  s i t u a t i o n .  
w i th  CDTI, #is process  w a s  s i m p l i f i e d  and enhanced to  varying degrees ,  depending on 
the i n d i v i d u a l  p i lo t .  The p i l o t s  who d i d  u t i l i z e  the  CDTI i n  t h e i r  planning f e l t  it 
was an improvement. None of t h e  p i l o t s  s t a t e d  any negat ive  e f f e c t  on f l i g h t  planning 
as a r e s u l t  of t h e  t r a f f i c  information.  

CDTI s e l f - s e p a r a t i o n  procedures.- Each t e s t  c r e w  w a s  r equ i r ed  to  adapt  t h e  CDTI  
s e l f - s e p a r a t i o n  t a s k s  i n t o  t h e i r  normal procedures. Although basic procedures and 
suggested g u i d e l i n e s  f o r  conducting se l f - sepa ra t ion  were provided the  t e s t  s u b j e c t s ,  
crew coord ina t ion  and implementation tactics were developed by each c r e w .  This  
r e s u l t e d  i n  a l e a r n i n g  process with some crews developing a workable method quick ly  
and o t h e r s  s t i l l  experimenting with techniques on t h e i r  f i n a l  d a t a  run. A t  t h e  
conclus ion  of the s imula t ion  t e s t i n g ,  t he  p i l o t s  were asked to  rate t h e i r  confidence 
i n  t h e i r  use of t h e  t r a f f i c  d i s p l a y  f o r  s e l f - sepa ra t ion .  As shown i n  f i g u r e  1 1 ,  
t h e r e  w a s  a w i d e  range of p i l o t  confidence with the  se l f - sepa ra t ion  task .  In  
gene ra l ,  t h e  p i l o t s  who developed se l f - sepa ra t ion  procedures  which conformed c l o s e l y  
t o  t h e i r  normal f l y i n g  techniques were most successfu l  and f e l t  more conf iden t  with 
t h e  t a sk .  

Workload Considerat ions 

Cockpi t  workload w a s  assessed  i n  t h i s  study by us ing  s u b j e c t i v e  p i lo t  r a t i n g s .  
The i n t e n t  of t h e s e  r a t i n g s  w a s  t o  ob ta in  general  t r ends  i n  workload a s soc ia t ed  with 
t h e  i n t r o d u c t i o n  of t r a f f i c  d i s p l a y  information. Task demand, stress, phys ica l  
e f f o r t ,  mental  e f f o r t ,  achievement, and comfort wi th  t h e  t a s k  were t h e  s p e c i f i c  
workload elements included i n  t h i s  a n a l y s i s .  Postrun ques t ionna i r e s  w e r e  used by 
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each p i l o t  t o  e s t a b l i s h  base l ine  workload r a t i n g s  f o r  t h e  scena r ios  flown wi thout  
CDTI.  On subsequent runs of t he  same scena r io ,  wi th  CDTI added i n  the  monitor ing or 
se l f - spac ing  mode, t h e  p i l o t s  r a t e d  t h e i r  workload with t h e  b a s e l i n e  r a t i n g s  used as 
a re ference .  The r a t i n g s  from a l l  t h e  p i l o t s  w e r e  then  analyzed t o  determine i f  any 
d i s c e r n i b l e  t rends w e r e  ev iden t  with t h e  inco rpora t ion  of t h e  CDTI  t a sks .  The 
fo l lowing  d iscuss ion  of r e s u l t s  i s  r e s t r i c t e d  t o  the  approach s c e n a r i o s  flown i n  t h i s  
s tudy  . 

Figure  12  p r e s e n t s  t he  average r a t i n g s  f o r  t h e  f l y i n g  and nonflyinq p i l o t s  f o r  
each of t h e  workload elements.  A s t a t i s t i ca l  comparison of t h e  CDTI-monitoring and 
CDTI self-spacing r a t i n g s  with the  b a s e l i n e  r a t i n g s  i s  presented  i n  tables I11 and 
IV, r e spec t ive ly .  The t-value s t a t i s t i c  i n  these  t a b l e s  r ep resen t s  a comparison 
between the  two mean values  (no CDTI versus  with CDTI)  us ing  a pooled s tandard  
dev ia t ion  value with assumed equa l  popula t ion  var iance  ( r e f .  8 ) .  Negative t -va lues  
s i g n i f y  an increase  i n  mean r a t i n g  f o r  t he  CDTI case: p o s i t i v e  t -values  i n d i c a t e  a 
decrease  i n  mean r a t i n g  with CDTI. 

Task demand, stress, phys ica l  e f f o r t ,  and mental  e f f o r t ,  ( f i g s .  1 2 ( a )  through 
( a ) )  w e r e  seen t o  e x h i b i t  t h e  same basic t r ends .  The f l y i n g  p i l o t s  recorded a 
decrease  i n  r a t ings  (lower workload) for these  elements  when CDTI w a s  added i n  t h e  
monitoring ro le ,  with an inc rease  i n  r a t i n g  (h ighe r  workload) a s soc ia t ed  with CDTI 
se l f - spac ing .  The nonflying p i l o t s  showed increased  r a t i n g s  f o r  both CDTI  monitoring 
and se l f - spac ing  f o r  t hese  same workload elements.  The s ta t i s t ica l  a n a l y s i s  showed a 
s i g n i f i c a n t  increase i n  t a sk  demand and mental e f f o r t  f o r  t he  f l y i n q  p i l o t s  when CDTI 
w a s  used f o r  se l f - spac ing  ( t a b l e  I V ) ,  wi th  no s i g n i f i c a n t  change i d e n t i f i e d  f o r  t h e  
CDTI-monitoring case  ( t a b l e  111). The nonflying p i l o t  r a t i n g s  showed s i g n i f i c a n t  
l e v e l s  of increase  f o r  a l l  fou r  elements wi th  CDTI s e l f - spac ing  and a s i g n i f i c a n t  
i n c r e a s e  i n  mental e f f o r t  with CDTI monitoring. 

P i l o t  achievement and comfort with the  t a sk  w a s  seen t o  remain e s s e n t i a l l y  t h e  
same f o r  both f l y i n g  and nonflying p i l o t s  ( f i g s .  1 2 ( e )  and (f)) with CDTI  moni- 
t o r ing .  The f l y i n g  p i l o t s  d id  show a decrease i n  comfort  with the  t a sk  f o r  the  CDTI  
se l f - spac ing  mode. The s ta t i s t ica l  a n a l y s i s  ( t a b l e  I V )  showed t h i s  decrease  i n  com- 
f o r t  with the t a sk  of t he  f l y i n g  p i l o t  t o  be s i g n i f i c a n t .  

P i l o t  comments and observa t ions  of crew a c t i v i t i e s  durinq t h e  s imula t ion  runs 
provided some i n s i g h t  i n t o  these  workload r a t i n g s .  A s  d i scussed  i n  the  s e c t i o n  
“Cockpit  Procedures Cons idera t ions ,”  t h e  nonflying p i l o t  w a s  p r imar i ly  respons ib le  
f o r  monitoring instruments  and subsystems. The a d d i t i o n  of CDTI provided a new 
system t o  monitor which r e s u l t e d  i n  a h ighe r  workload f o r  t h e  nonflying p i l o t .  This  
workload increased most s i g n i f i c a n t l y  f o r  CDTI se l f - spac ing  when the  nonflying p i l o t  
w a s  requi red  t o  advise  and a s s i s t  the  f l y i n g  p i l o t  with i n t e r p r e t i n g  the  spacing 
s i t u a t i o n  as w e l l  as monitor and c o n t r o l  t h e  d i sp lay .  The f l y i n g  p i l o t s  recorded 
s i g n i f i c a n t  increases  i n  t a sk  demand and mental  e f f o r t  when they  w e r e  requi red  t o  
se l f - space  with the  CDTI.  The decrease  i n  workload wi th  CDTI  monitoring w a s  a t t r i -  
buted t o  the  improvement i n  f l i g h t  planning information a f forded  by the  CDTI. Since 
only a few of t h e  p i l o t s  u t i l i z e d  the  t r a f f i c  d i s p l a y  f o r  planning a s s i s t a n c e ,  t h e  
decrease  i n  workload l e v e l  w a s  no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  F i n a l l y ,  t h e  decrease  
i n  t h e  f l y i n g  p i l o t ’ s  comfort  wi th  t h e  t a s k  f o r  CDTI se l f - spac ing  w a s  a t t r i b u t e d  t o  
t h e  lack of confidence and the  l ea rn ing  e f f e c t s  experienced by some of the  p i l o t s  
wi th  i n t e r p r e t i n g  and us ing  t h e  d i s p l a y  information.  

A t  t he  conclusion of t he  s imula t ion  runs,  t he  p i l o t s  w e r e  asked t o  ra te  t h e  
o v e r a l l  change i n  cockp i t  workload a s soc ia t ed  with us ing  the  CDTI f o r  a c t i v e  t r a f f i c  
s e p a r a t i o n  tasks.  A l l  t he  p i l o t s  who responded t o  t h i s  ques t ion  f e l t  CDTI would 
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r e s u l t  i n  an  acceptable inc rease  i n  cockpi t  workload under normal condi t ions .  Most 
also commented t h a t  t h e  workload level would improve with more experience and become 
even more acceptable. Only a f e w  p i l o t s  f e l t  t h a t  CDTI se l f - spac ing  could be handled 
s o l e l y  by t h e  f l y i n g  p i l o t .  Most agreed that  c r e w  coord ina t ion  w a s  e s s e n t i a l  t o  
r o u t i n e l y  conduct se l f - spac ing .  Any s i t u a t i o n  which requi red  t h e  nonflying p i l o t  t o  
be d i v e r t e d  from t h e  t a s k ,  such as p r e s s u r i z a t i o n  problems or o t h e r  system f a i l u r e s ,  
would probably force c a n c e l l a t i o n  of a se l f - spac ing  c learance .  

Airport Capacity 

Precise c o n t r o l  of the  i n - t r a i l  separa t ion  i n t e r v a l s  of landing a i r c r a f t  has the  
p o t e n t i a l  of i n c r e a s i n g  a r r i v a l  capac i ty  of an  a i r p o r t  by al lowing reduct ion  of t h e  
mean s e p a r a t i o n  between a i r c r a f t .  Previous par t - task  s imula t ion  s t u d i e s  ( r e f .  5 )  
have shown a r r i v a l  t i m e  accurac ies  of approximately 8 seconds ( 1  s tandard  d e v i a t i o n )  
when t h e  se l f - spac ing  technique employed i n  t h i s  s tudy  w a s  used. These earlier 
tests, however, lacked the  ope ra t iona l  f i d e l i t y  and fu l l - sys tems environment be l ieved  
necessary  to o b t a i n  real is t ic  spacing r e s u l t s .  The spac ing  performance achieved by 
t h e  p i l o t s  i n  t h i s  s tudy  under h igh ly  realist ic cond i t ions  w a s  analyzed for compari- 
son with these previous  experiments. 

The primary measure of spacing accuracy f o r  i n - t r a i l  fol lowing w a s  t h e  t i m e  
i n t e r v a l  between t h e  lead a i r c r a f t  c ros s ing  a f i x e d  r e fe rence  p o i n t  and t h e  t r a i l i n g  
aircraft  c r o s s i n g  t h e  same poin t .  This  t i m e  i n t e r v a l ,  referred to  as i n t e r a r r i v a l  
t i m e ,  w a s  equa l  to 80.0 seconds when t h e  p i l o t s  p r e c i s e l y  followed the  lead  a i r c r a f t  
spac ing  guidance d isp layed  on t h e  CDTI.  This value of des i r ed  i n t e r a r r i v a l  t i m e  w a s  
chosen to  co inc ide  with the  minimum al lowable spacing d i s t a n c e  permi t ted  by ATC f o r  
wake-vortex avoidance a t  the  minimum a i r speed  flown dur ing  t h e  approach. As a 
r e s u l t ,  by fo l lowing  the  spacing guidance p r e c i s e l y ,  t h e  a i r c r a f t  would be estab- 
l i s h e d  on f i n a l  approach a t  t h e  minimum d i s t ance  spacing of 3 n a u t i c a l  m i l e s  behind 
t h e  lead  a i r c r a f t  and would c r o s s  t h e  runway threshold  80 seconds a f t e r  the  l ead  
a i r c r a f t .  Without t he  CDTI guidance, t h e  a i r  t r a f f i c  c o n t r o l l e r  would i s s u e  speed 
and heading i n s t r u c t i o n s  t o  the  a i r c r a f t  i n  order  t o  o b t a i n  no less than a spac ing  of 
3 n a u t i c a l  m i l e s  on f i n a l  approach. 

F igure  13 shows the  mean and s tandard  dev ia t ion  of i n t e r a r r i v a l  t i m e  a t  t he  
o u t e r  marker and runway threshold ,  r e spec t ive ly ,  €or t h e  b a s e l i n e  wi thout  CDTI, CDTI- 
monitoring, and CDTI se l f - spac ing  condi t ions .  The i n i t i a l  condi t ions  f o r  a l l  in-  
t r a i l  fo l lowing  runs w e r e  t h e  same, with the s imulator  c r e w  s t a r t i n g  100 seconds 
behind t h e  lead  a i r c r a f t .  The p r o f i l e  flown by the lead  a i r c r a f t  w a s  also t h e  same 
f o r  a l l  cond i t ions .  Although these r e s u l t s  do n o t  r e f l e c t  a mix of a i r c r a f t  p r o f i l e s  
or i n i t i a l  s e p a r a t i o n  cond i t ions ,  i n t e r e s t i n g  observa t ions  and comparisons between 
c o n t r o l l e r  spac ing  and p i l o t  s e l f - spac ing  can be made. 

The b e s t  f i n a l  spac ing  performance a t  runway th re sho ld  w a s  achieved when t h e  
p i l o t s  performed t h e  CDTI se l f - spac ing  t a sk .  Mean i n t e r a r r i v a l  t i m e  w a s  reduced from 
89.4 seconds wi thout  CDTI t o  82.2 seconds with CDTI se l f - spac ing .  I n  a d d i t i o n ,  t h e  
d i s p e r s i o n  i n  a r r i v a l  times w a s  reduced from a s t anda rd  dev ia t ion  of 16.6 seconds 
wi thou t  CDTI t o  10.0 seconds w i t h  se l f -spacing.  This  r e s u l t  compares favorably  wi th  
t h e  s tandard  d e v i a t i o n  of 8 seconds a r r i v a l  accuracy r epor t ed  i n  r e fe rence  5 .  

The cond i t ions  where CDTI w a s  used f o r  monitoring, wi th  t h e  c o n t r o l l e r  providing 
sepa ra t ion ,  w e r e  found t o  r e s u l t  i n  a degradat ion of spac ing  performance. The mean 
i n t e r a r r i v a l  t i m e  €or t h e  CDTI-monitoring runs increased  by nea r ly  15 seconds over 
t h e  base l ine ,  w i th  an accompanying inc rease  of 9 seconds i n  t h e  s tandard  dev ia t ion .  
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The reason fo r  t h i s  i nc rease  w a s  no t  r e a d i l y  apparent  from e i t h e r  p i l o t  comments o r  
recorded f l i g h t  parameters.  Cockpit  video t apes  of t h e  CDTI-monitoring runs ,  how- 
ever ,  showed s e v e r a l  of the  p i l o t s  watching t h e  t r a f f i c  as they f lew the  approach and 
a d j u s t i n g  t h e i r  speeds and t u r n  rates s l i g h t l y  t o  i n s u r e  s e p a r a t i o n  from t h e  t r a f f i c .  
These a c t i o n s  r e s u l t e d  i n  l a r g e r  spacing i n t e r v a l s  behind t h e  lead aircraf t  than were 
seen dur ing  the no-CDTI runs.  Since t h e  CDTI-monitoring cond i t ions  were t h e  f i r s t  
runs each crew made with the  t r a f f i c  d i s p l a y  i n  a real is t ic  t r a f f i c  p a t t e r n ,  a t  l eas t  
some of t h e  degradat ion i n  spacing performance w a s  most l i k e l y  due t o  l e a r n i n g  1 , 
effects. 

l 
' 

' 

These r e s u l t s  sugges t  t h a t  t ra f f ic  d i s p l a y s  may produce undes i rab le  effects on 1 
t h e  ATC system dur ing  t h e  i n i t i a l  s t a g e s  of CDTI i n t roduc t ion .  P i l o t s  do appear t o  ' 
react t o  the  t r a f f i c  s i t u a t i o n s  with s l i g h t  a l t e r a t i o n s  i n  t h e i r  f l i g h t  p r o f i l e s  and 
tend t o  be more conserva t ive  i n  t h e i r  maneuvering through a t r a f f i c  p a t t e r n  when 
f i r s t  exposed to  CDTI.  Without adequate t r a i n i n g  and experience with t h e  t r a f f i c  
d i sp l ay ,  t h i s  conserva t ive  tendency could r e s u l t  i n  increased  spac ing  i n t e r v a l s  and 
decreased a i r p o r t  capac i ty .  
however, p i l o t s  could achieve accu ra t e  spac ing  performance which exceeds t h a t  pro- 
vided by the  a i r  t raff ic  c o n t r o l l e r .  The c l o s e  agreement of t h e  spacing performance 
achieved by  the test  s u b j e c t s  i n  t h i s  s tudy  w i t h  t h a t  of t h e  pa r t - t a sk  s tudy  i n  
r e fe rence  5 sugges ts  t h a t  effects of a i r c ra f t  mix and i n i t i a l  spac ing  error could be 
eva lua ted  with s impler  par t - task  s imula t ions .  wi thout  such ana lyses ,  the o v e r a l l  
b e n e f i t  t o  a i r p o r t  capac i ty  afforded by CDTI se l f - spac ing  cannot  be a c c u r a t e l y  
assessed.  

With an a c t i v e  spac ing  t a s k  and proper  guidance, 

Ai rcraf t  Fuel  E f f i c i ency  

The add i t ion  of CDTI and, i n  p a r t i c u l a r ,  t he  new t a s k s  involv ing  CDTI  s e l f -  
spac ing  can a f f e c t  t he  a i r c r a f t  ope ra t ing  e f f i c i e n c y  by modifying t h e  f l i g h t  p r o f i l e  
of the CDTI-equipped a i r c r a f t .  Fur ther ,  the  techniques employed by each p i l o t  t o  
adapt to  the  CDTI tasks can a f f e c t  t h e  o v e r a l l  e f f i c i e n c y  of the f l i g h t .  Although 
these  i s s u e s  w e r e  n o t  s p e c i f i c a l l y  addressed i n  t h i s  s tudy ,  t h e  comparative per- 
formance r e s u l t s  obtained with and wi thout  CDTI i n  t hese  s imula t ion  tests may provide 
some i n s i g h t  i n  t h i s  area. 

The approach scena r io  flown i n  t h i s  s tudy  w a s  r e p r e s e n t a t i v e  of present-day 
ope ra t ions  i n t o  Denver. The p i l o t s  w e r e  given p r o f i l e  descen t  c l ea rances  from c r u i s e  
a l t i t u d e  w i t h  r e s t r i c t i o n s  necessary f o r  c o n t r o l  sector hand-off and coord ina t ion .  
Typical  speed r e s t r i c t i o n s  were appl ied  i n  t h e  t e rmina l  area wi th  a nominal pa th  
d i s t a n c e  flown f o r  t he  runway conf igu ra t ion  and ILS approach being executed. The 
t i m e  of a r r i v a l  w a s  e s s e n t i a l l y  f i x e d  s i n c e  each approach followed the  same lead  
a i r c ra f t  with the  same requi red  spacing i n t e r v a l .  Var i a t ions  i n  a i r c r a f t  ope ra t ing  
e f f i c i e n c y  were t h e r e f o r e  a s o l e  func t ion  of p i l o t  technique i n  f l y i n g  t h e  approach 
and the  r e s u l t a n t  f u e l  usage. 

A comparison of d i s t a n c e  flown and f u e l  burned from t h e  s t a r t  of t h e  s c e n a r i o  t o  
the  o u t e r  marker of t h e  landing runway f o r  t h e  no-CDTI, CDTI-monitoring, and CDTI 
se l f - spac ing  cond i t ions  are shown i n  f i g u r e  14. The two cases where t h e  a i r  t r a f f i c  
c o n t r o l l e r  provided sepa ra t ion  (no  CDTI and CDTI  monitor ing)  w e r e  seen t o  have the 
same d i s t ance  flown, with the  CDTI se l f - spac ing  case having a no t i ceab ly  s h o r t e r  
d i s t ance .  The no-CDTI condi t ion  had t h e  lowest  f u e l  usage, w i t h  CDTI s e l f - spac ing  
i n d i c a t i n g  a l a r g e  inc rease  i n  both mean and s tandard  dev ia t ion  of f u e l  burned. The 
inc rease  i n  f u e l  used f o r  t he  CDTI-monitoring cases w a s  a t t r i b u t e d  t o  t h e  longer  
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f l i g h t  t i m e s  a s s o c i a t e d  with these  runs as discussed i n  the  s e c t i o n  "Airport 
Capaci ty  . 

The s h o r t e r  d i s t a n c e  flown for t h e  CDTI se l f - spac ing  condi t ions  w a s  a r e s u l t  of 
t h e  d i f f e r e n c e  between the  c o n t r o l l e r ' s  spacing technique and t h a t  of the  CDTI  spac- 
i n g  guidance. The CDTI se l f - spac ing  technique d i r e c t e d  the  p i l o t  t o  remain a f ixed  
t i m e  i n t e r v a l  behind the  lead  a i r c r a f t  and follow the  same ground t r ack .  The con- 
t r o l l e r  w a s  n o t  r e s t r i c t e d  to  a s p e c i f i c  i n - t r a i l  spacing i n t e r v a l  o r  ground t r ack .  
H e  would use  speed, heading, and a l t i t u d e  commands t o  maintain sepa ra t ion ,  with a 
f i n a l  goa l  of a spac ing  of 3 n a u t i c a l  m i l e s  on f i n a l  approach. Typica l ly ,  t h e  con- 
troller allowed t h e  a i r c r a f t  t o  reduce spacing on t h e  lead  a i r c r a f t  on the  downwind 
l e g  of t he  approach to  a c l o s e r  i n t e r v a l  than t h a t  used by t h e  CDTI spacing tech- 
nique. By de lay ing  the  base t u r n  s l i g h t l y ,  the c o n t r o l l e r  could then achieve the  
d e s i r e d  f i n a l  spacing wi thout  excess ive  speed c o n t r o l  on the  a i r c r a f t .  A s  a r e s u l t ,  
t he  cont ro l le r -spaced  runs exh ib i t ed  longer  path lengths  than the  CDTI-spaced runs.  

The g r e a t e r  f u e l  usage for the  CDTI se l f - spac inq  condi t ions  w a s  found t o  be a 
r e s u l t  of t h e  i n i t i a l  cond i t ions  which placed t h e  s imula tor  100 seconds behind t h e  
lead  a i r c r a f t ,  with a des i r ed  spacing of 80 seconds. This  20-second error placed 
the  own-a i rc raf t  symbol behind the  spacing box on the  d i s p l a y  i n d i c a t i n g  the  need t o  
f l y  f a s t e r .  As a r e s u l t ,  t he  p i l o t s  would maintain some power durinq the  descent  i n  
o rde r  to  ca t ch  the  spacing box. This s i t u a t i o n ,  as mentioned by s e v e r a l  of t h e  
p i l o t s ,  w a s  an unnecessary "f ine- tuning" of the spacing a t  a p o i n t  i n  the  approach 
where spacing w a s  no t  c r i t i ca l .  A s  t h e  lead  a i r c r a f t  approached the  a i r p o r t  i t  would 
n a t u r a l l y  be slowing down. The p i l o t s  could then ca tch  the  spac ing  box a t  some p o i n t  
a f t e r  t h e  lead  a i r c r a f t  began slowing down without burning e x t r a  f u e l  dur ing  t h e  
i n i t i a l  descent .  The wide v a r i a t i o n  i n  f u e l  used f o r  t he  CDTI se l f - spac ing  condi- 
t i o n s  w a s  a d i r e c t  r e s u l t  of t he  degree to  which the  pi lots  t r i e d  t o  ca tch  t h e  spac- 
i n g  box e a r l y  dur ing  the  descent .  I n  a l l  cases, the  f u e l  burn could have been as low 
as the  no-CDTI case i f  t he  cap tu re  of t he  spacing box had been delayed. 

These r e s u l t s  p o i n t  o u t  t he  need €or two major cons ide ra t ions  when using CDTI 
se l f - spac ing .  F i r s t ,  a s p e c i f i c  spacing c learance  should no t  be given too  e a r l y  
dur ing  an approach where speed c o n t r o l  and p rec i se  spac ing  are no t  necessary.  
Second, spac ing  guidance should e x h i b i t  adequate b u f f e r s  i n  o rde r  t o  a l low maximum 
f l e x i b i l i t y  i n  t h e  e f f i c i e n t  opera t ion  of the a i r c r a f t .  

ATC Impact 

CDTI  provides  the  c r e w  of an a i r c r a f t  with a d e t a i l e d  e l e c t r o n i c  view of t r a f f i c  
prev ious ly  l imi t ed  t o  the  radar  d i s p l a y s  of a i r  t r a f f i c  c o n t r o l l e r s .  This  i n fo r -  
mation provides  the  p o s s i b i l i t y  of expanded p i l o t  p a r t i c i p a t i o n  i n  the  a i r c r a f t  
s e p a r a t i o n  process ,  as explored i n  the  CDTI s e l f - sepa ra t ion  t a s k s  i n  t h i s  s tudy.  
I n t e r a c t i o n  and coord ina t ion  between p i l o t s  and c o n t r o l l e r s  are primary areas of 
concern f o r  s u c c e s s f u l  implementation and u t i l i z a t i o n  of cockp i t  t r a f f i c  d i s p l a y s .  
Candidate procedures  f o r  use of CDTI  f o r  f l i g h t  ope ra t ions  dur ing  IMC w e r e  developed 
f o r  t h i s  s tudy.  These procedures included CDTI se l f - spac ing  c l ea rances  between 
c o n t r o l l e r s  and p i l o t s .  The impact of t hese  procedures on a i r  t r a f f i c  c o n t r o l  i n  
t h i s  s tudy  provides  some i n s i g h t  i n t o  poss ib le  o p e r a t i o n a l  e f f e c t s  of CDTI on the  a i r  
t r a f f i c  c o n t r o l  process .  

The primary l i n k  between p i l o t s  and a i r  t r a f f i c  c o n t r o l  is through voice r a d i o  
communication. An important  measure of CDTI impact is i n  t he  change i n  communication 
loading af forded  by t h e  presence and use of cockpi t  t r a f f i c  d i sp l ays .  During each 
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simulation run in this study, radio activity was monitored through audio and digital 
data recordings of cockpit microphone usage. These data were analyzed in terms of 
the number of unique communications which occurred during each run and the average 
time for each communication. This analysis was limited to the cockpit activity 
associated with ATC communications and did not include the controller radio times. 
The controller would have the same number of communications as the aircraft; however, 
the controller time per communication was not recorded. 

Figures 15 shows results o f  the communication analysis for the approach sce- 
narios with no CDTI, CDTI monitoring, and CDTI self-spacinq. The average number of 
approach communications was reduced by approximately one ( 4  percent) with CDTI 
monitoring and by approximately three ( 1 2  percent) with CDTI self-spacing compared 
with the no-CDTI baseline. Pilot average time per communication decreased by 
approximately 0.2 second with CDTI monitoring and increased by approximately 0.2 
second with CDTI self-spacing. These results illustrate two major points. First, 
CDTI in a monitoring role did not invoke additional pilot communications with ATC. 
Throughout all simulation runs with CDTI, none of the test subjects questioned ATC 
concerning traffic on the display. The pilots were able to resolve any questions 
they had about the traffic by using the display data tag and predictor features and 
by listening to the ATC partyline communications with the traffic. Second, the in- 
trail spacing procedures developed for this study resulted in a measurable decrease 
in communication loading. This decrease in communication loading was a result of the 
elimination of the speed and heading vectors normally given to the aircraft when the 
controller provided in-trail separation. This result implies the possibility o f  
increasing traffic capacity without increasing communication loading by the incor- 
poration of CDTI self-spacing procedures. The overall workload of the air traffic 
controllers, however, must be considered before CDTI self-spacing could be imple- 
mented. In addition, multiple CDTI-equipped aircraft performing self-spacing would 
decrease the normal A X  partyline communications which might prompt questioning of 
controllers by the pilots. 

The results of the communication analysis for the departure scenarios are pre- 
sented in figure 16. An increase in both the number of communications (approximately 
25 percent) and the average time per communication (approximately 12 percent longer) 
was recorded fo r  the departures when CDTI self-separation was employed. The major 
problem associated with these operations was the coordination between controller and 
pilot in identifying the conflicting traffic. This coordination resulted in exces- 
sive communication loading being required in order to carry out the self-separation 
task. It should be noted that the communication loading was a direct result of the 
procedures developed for this study. Further study is necessary to evaluate pro- 
cedures which would minimize traffic identification and coordination problems 
associated with departures in a highly dynamic traffic environment. Most likely, 
procedures would be required for each departure routing which would be established 
prior to takeoff and understood by departure and approach controllers as well as the 
pilots flying the departures and CDTI-equipped approach aircraft. 

SUMMARY OF RESULTS 

A simulation study was conducted to evaluate flight operations using cockpit 
display of traffic information in a conventional jet transport aircraft during in- 
strument meteorological conditions. The following results are based on this study: 

1. The addition of traffic information in the cockpit was well received by the 
airline flight crews in this study. Monitoring and operation of the traffic display 
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w a s  r o u t i n e l y  handled by the  nonflying p i l o t .  C D T I  s e l f - sepa ra t ion  t a s k s  requi red  
the f l y i n g  p i l o t  to  modify h i s  primary instrument scan t o  inc lude  the  t r a f f i c  d i s -  
p l ay ,  which w a s  l oca t ed  above t h e  t h r o t t l e  quadrant. P i l o t  comments s t r e s s e d  the  
importance of c o n s i s t e n t  procedures and crew coord ina t ion  f o r  u t i l i z i n g  the  d i s p l a y  
e f f e c t i v e l y  . 

2. D i s t r a c t i o n  from o t h e r  cockpi t  du t i e s  w a s  found t o  be a p o t e n t i a l  problem 
w i t h  cockp i t  t r a f f i c  d i s p l a y s .  The compelling na tu re  of the  device  and the  novel ty  
of t h e  e l e c t r o n i c  d i s p l a y  i n  an otherwise conventional e lectromechanical  cockpi t  w e r e  
c i t e d  by t h e  tes t  s u b j e c t s  as reasons €or  t h i s  d i s t r a c t i o n .  Addit ional  experience 
and exposure t o  t h e  CDTI should l e s sen  t h e  d i s t r a c t i o n  p o t e n t i a l .  Display formats 
developed f o r  s e l f - s e p a r a t i o n  t a s k s  may requi re  primary a i r speed  and a l t i t u d e  warn- 
i n g s  to  a ler t  t h e  p i l o t s  to  s i t u a t i o n s  requi r ing  a t t e n t i o n  to  primary f l i g h t  
ins t rumenta t ion .  

3. P i l o t  workload w a s  found t o  inc rease  when given a se l f - sepa ra t ion  t a sk  to  
perform with t h e  CDTI. A l l  test s u b j e c t s  ind ica ted  t h e s e  workload l e v e l s  to  be 
accep tab le  dur ing  t h e  s imula t ion  tests. CDTI-monitoring t a s k s  r e s u l t e d  i n  s l i g h t l y  
h iqhe r  workload f o r  t he  nonflyinq p i l o t  compared wi th  no CDTI  a l though less than t h a t  
recorded f o r  t h e  se l f - spac ing  cases. The f ly ing  p i l o t s  repor ted  a decrease i n  work- 
load with CDTI monitor ing r e s u l t i n g  from the  improved f l i g h t  planning a v a i l a b l e  wi th  
t h e  CDTI information.  A l l  p i l o t s  s t r e s s e d  the need f o r  ope ra t iona l  experience wi th  
CDTI i n  o rde r  t o  adequately assess t h e  impact on workload. 

4 .  The p i l o t s  i n  t h i s  s tudy  achieved spacing performance a t  the  runway threshold  
of a mean i n t e r a r r i v a l  t i m e  of 82.2  seconds with a s tandard  dev ia t ion  of 10.0 seconds 
when us ing  CDTI approach i n - t r a i l  sel f -spacing wi th  a desired i n t e r a r r i v a l  t i m e  of 
80.0 seconds. The same approach scena r ios  flown wi thout  CDTI r e s u l t e d  i n  mean i n t e r -  
a r r i v a l  t i m e  of 89.4 seconds with a s tandard  dev ia t ion  of 16.6 seconds. These re- 
s u l t s  sugges t  t h e  p o s s i b i l i t y  of increased  a i r p o r t  capac i ty  with the  use of CDTI 
self -spacing by reducing a r r i v a l  t i m e  d i spers ion  a t  t h e  runway. 

5. Severa l  p i l o t s  i n  t h i s  s tudy  exhib i ted  a tendency t o  be more conserva t ive  i n  
maneuvering t h e  a i rcraf t  through a t raff ic  p a t t e r n  when f irst  exposed t o  CDTI  wi thout  
an  a c t i v e  spacing t a s k  t o  perform. This  conserva t ive  tendency r e s u l t e d  i n  l a r g e r  
spac ing  i n t e r v a l s  a t  t h e  runway threshold  when t h e  p i l o t s  had the  CDTI f o r  monitoring 
than  when no CDTI w a s  viewed i n  the  cockpi t .  This  r e s u l t  w a s  a t t r i b u t e d  t o  the  lack  
of experience and t r a i n i n g  on the  CDTI p r i o r  t o  t h e  monitoring s imula t ion  runs.  
Opera t iona l  use of a t r a f f i c  d i s p l a y  must be c a r e f u l l y  introduced with adequate  
t r a i n i n g  t o  avoid degrada t ion  i n  a i r p o r t  c a p a c i t i e s  r e s u l t i n g  from pi lot- induced 
s e p a r a t i o n  inc reases .  

6. The approach se l f - spac ing  c learances  and spacing guidance used i n  t h i s  s tudy  
w e r e  found t o  r e s u l t  i n  a d d i t i o n a l  f u e l  consumption compared with the  same scena r ios  
wi thout  se l f - spac ing .  The issuance of spacing c l ea rances  e a r l y  i n  t h e  descent  with 
an i n i t i a l  20-second spacing e r r o r ,  combined with a t o o  r e s t r i c t i v e  b u f f e r  of 
15 seconds on t h e  spacing d i sp lay ,  w e r e  i d e n t i f i e d  as t h e  cause of the  a d d i t i o n a l  
f u e l  consumption. Opera t iona l  se l f - spac ing  c learances  must be designed t o  a l low 
maximum f l e x i b i l i t y  dur ing  t h e  e a r l y  s t a g e s  of descen t  i n  order  t o  avoid wasting 
f u e l .  Display guidance should a l s o  allow va r i ab le  spac ing  b u f f e r s  i n  o rde r  t o  
accommodate f u e l - e f f i c i e n t  procedures during n o n c r i t i c a l  phases of t h e  approach. 

7. CDTI i n  a monitor ing role d i d  not  increase  t h e  ATC radio communication load- 
i n g  f o r  t h e  approach scenar ios .  The i n - t r a i l  se l f - spac ing  scena r ios  showed a de- 
crease of approximately 12 pe rcen t  i n  the  average number of A X  communications 
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compared with the same scenarios flown without CDTI. This decrease in communication ~ 

loading was a result of the elimination of the speed and heading vectors normally ~ 

given to the aircraft when the controller provided in-trail separation. 
~ 

8. The departure self-separation procedures evaluated in this study produced a I 
25-percent increase in A X  communications compared with no-CDTI baseline departures. I 

The problem of identifying and confirming specific traffic to be avoided by the I 
flight crew was the cause of the excessive communications. , 
do not require detailed coordination between pilots and controllers for each specific I 

se 1 f -s  epara t i on. 

Revised procedures which 

traffic aircraft would be necessary to provide a workable system for departure 1 

NASA Langley Research Center 
Hampton, VA 23665-5225 
February 12, 1986 
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APPENDIX A 

PILOT BRIEFING INSTRUCTIONS 

Denver Southwest Approach 

Descr ipt ion.-  This  s c e n a r i o  r ep resen t s  t he  f i n a l  segments of a f l i g h t  i n t o  Denver 
S t a p l e t o n  I n t e r n a t i o n a l  Ai rpor t .  The scenar io  begins  with your a i r c r a f t  i n  c r u i s e  
prior to  i n i t i a t i n g  descen t  and ends when you cross the  runway threshold .  The 
informat ion  you need to f l y  t h i s  approach is  contained i n  t h i s  write-up or w i l l  be 
t r ansmi t t ed  to  you by A i r  T r a f f i c  C o n t r o l  (ATC).  

I n i t i a l  Conditions.-  Your aircraft  is  i n  c r u i s e  f l i g h t  c ros s ing  t h e  n B E C  i n t e r -  
s e c t i o n  a t  f l i g h t  l e v e l  330 and a speed of .76 Mach. Your VHF NAV 1 is  tuned t o  
Gunnison VORTAC (114.91, and you are f l y i n g  the 046 deg r a d i a l  from Gunnison ( j e t  
rou te  J 1 0 ) .  VHF NAV 2 is tuned t o  Denver VORTAC (117.0) i n  p repa ra t ion  €or  i n t e r c e p t  
of the 213 deg r a d i a l  toward Denver. VHF Comm should be tuned to  Denver Center 
(133.52) f o r  AW commvnfcatione 

S p e c i f i c  Ground Ru les  

1 .  

2. 

3. 

4. 

5. 

6. 

7. 

8 .  

9. 

10. 

1 1 .  

P r i o r  t o  s t a r t i n g  t h e  s imula t ion  run, check t h a t  a l l  instruments  and switches 
are s e t  p rope r ly  f o r  c r u i s e .  

Your t a s k  i s  to  f l y  the  f i n a l  c r u i s e ,  descent  and approach t o  landing segments 
of a f l i g h t  i n t o  Denver S tap le ton  I n t e r n a t i o n a l  Airport. 

ATC communications w i l l  be provided, and you are requi red  t o  observe proper 
p ro toco l  and c a r r y  o u t  t h e  ATC i n s t r u c t i o n s  as i n  a c t u a l  p r a c t i c e .  Your ca l l  
s i g n  is NASA 599. 

P l an  on a landing  weight of 95000 lb. 

winds a l o f t  are n e g l i g i b l e  i n  t h i s  scenario. 

I n i t i a l  descen t  should be s t a r t e d  prior to the  t h e  ACREE waypoint. A descent  
speed schedule  of approximately 300 KIAS should be flown u n t i l  reaching t h e  
p r o f i l e  descen t  c r o s s i n g  po in t s  o r  i n s t r u c t e d  o therwise  by ATC. 

Normal ope ra t ing  procedures  as descr ibed  i n  your a i r l i n e  procedures  manual 
should be observed. This  inc ludes  mandatory c a l l  o u t  of c h e c k l i s t  i t e m s .  

L imi t a t ions  on landing  gear  and f l a p  ex tens ion  speeds should be s t r i c t l y  
observed. 

C r e w  d u t i e s  may be ass igned  as the  Captain deems appropr i a t e  as long as they 
conform t o  normal ope ra t ing  procedures.  

Every e f f o r t  should be made t o  f l y  the  a i r c r a f t  i n  a manner which you f e e l  would 
be acceptable f o r  a i r l i n e  opera t ions .  

S ince  v i s u a l  scene is  not  presented i n  t h i s  s imula tor ,  l e v e l  of f  a t  dec i s ion  
he igh t  (200 f t )  and cont inue  t o  f l y  a t  approach speed. The s imula to r  w i l l  go t o  
RESET when you cross the  runway threshold.  
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Denver South Departure  

Description.-  This s cena r io  r e p r e s e n t s  a south  depa r tu re  from Denver S tap le ton  I n t e r -  
n a t i o n a l  Airport  fol lowing a takeoff t o  the  north.  The s c e n a r i o  begins  on t h e  runway 
before  takeoff  and ends when you are clear of t h e  t e rmina l  area. Engine s t a r t  and 
pre- takeoff  items are not  s imulated and are no t  requi red .  Takeoff performance is 
a l s o  n o t  simulated f a i t h f u l l y ;  however, it i s  necessary  to  conduct t h e  takeoff  i n  
o rde r  t o  i n i t i a t e  t he  scenar io .  P l ease  note  t h a t  excess ive  column d e f l e c t i o n  and 
f o r c e  i s  required for takeoff  r o t a t i o n .  

I n i t i a l  conditions.-  Your a i r c r a f t  is  on t h e  ground ready f o r  takeoff  on runway 35L 
a t  Denver S tap le ton  I n t e r n a t i o n a l  Ai rpor t .  Contact  A X  on 127.6 when ready for your 
depa r tu re  c learance.  Your outbound r a d i a l  from Denver VOR w i l l  he 185. The 
s imula tor  w i l l  be placed i n  OPERATE when you r ece ive  takeoff  c l ea rance .  

S p e c i f i c  Ground Rules 

1 .  P r i o r  t o  s t a r t i n g  t h e  s imula t ion  run, check t h a t  a l l  ins t ruments  and switches 
are set  properly f o r  t akeof f .  

2. Your t a s k  is t o  f l y  a depa r tu re  from Denver S tap le ton  I n t e r n a t i o n a l  Ai rpor t .  
The scena r io  w i l l  end when you are outbound on the  Denver 185 deg radial  and 
clear of t h e  Denver te rmina l  area. 

3. ATC communications w i l l  be provided, and you are requ i r ed  t o  observe proper  
p ro toco l  and c a r r y  ou t  the ATC i n s t r u c t i o n s  as i n  a c t u a l  practice. Your c a l l  
s i g n  is  NASA 599. 

4 .  Takeoff weight i s  96000 l b .  

5. Normal opera t ing  procedures and a l l  a i rcraf t  o p e r a t i o n a l  l i m i t a t i o n s  should be 
observed. 

6. C r e w  d u t i e s  may be ass igned  as the  Captain deems appropr i a t e .  

7. Every e f f o r t  should be made t o  f l y  t h e  a i r c r a f t  i n  a manner which you fee l  would 
be acceptable  for a i r l i n e  opera t ions .  
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APPENDIX B 

C D T I  SELF-SEPARATION PROCEDURES 

PROCEDURES FOR USE OF C O C K P I T  D I S P L A Y  
O F  T R A F F I C  INFORMATION ( C D T I )  

D I S P L A Y  SEPARATION 

A. Display sepa ra t ion  is a method employed by ATC t o  sepa ra t e  a i r c r a f t  by 
i n s t r u c t i n g  a p i l o t  t o  avoid or fol low another a i r c r a f t  by means of information 
from a C D T I .  

B. When it w i l l  be ope ra t iona l ly  bene f i c i a l ,  ATC may au tho r i ze  an  a i r c r a f t  equipped 
with an ope ra t ing  C D T I  t o  

( 1 )  Provide h i s  own i n - t r a i l  s epa ra t ion  behind a preceding a i r c r a f t  of similar 
performance. This s epa ra t ion  i n t e r v a l  w i l l  be s p e c i f i e d  i n  a t i m e  parameter 
(seconds)  and the  p i l o t  is expected to maintain the  spacing wi th in  p lus  o r  
minus 15 seconds. 

( 2 )  Provide h i s  own l a t e r a l  s epa ra t ion  from another  a i r c r a f t  during climb o r  
descent  according to  the  fol lowing separa t ion  s tandards:  

( a )  FL 290 or above - 2000 f e e t  v e r t i c a l  s epa ra t ion  u n t i l  separa ted  by three 
o r  more m i l e s  l a t e r a l l y  ( S I X  miles i f  the o the r  a i r c r a f t  is a heavy 
j e t ) .  

( b )  Below ET, 290 - 1000 f e e t  v e r t i c a l  s epa ra t ion  u n t i l  separa ted  by three or 
more m i l e s  l a t e r a l l y  ( S I X  m i l e s  i f  t he  o t h e r  a i r c r a f t  is a heavy j e t ) .  

EXAMPLE: 

Once the  p i l o t  has repor ted  having i d e n t i f i e d  the  c o r r e c t  preceding or c ross ing  
a i r c r a f t  on h i s  C D T I :  

MAINTAIN (number) SECONDS I N  T R A I L  O F  (preceding t r a f f i c ' s  i d e n t i f i c a t i o n ) ,  ( i f  
app ropr i a t e )  U N T I L  ( s p e c i f i e d  t i m e ,  f i x ,  or a l t i t u d e ) .  

or 

MAINTAIN D I S P L A Y  SEPARATION FROM ( t r a f f i c  'S i d e n t i f i c a t i o n )  , CLIMB/DESCEND AND 
MAINTAIN ( a l t i t u d e  1. 

C. When a p i l o t  has been i n s t r u c t e d  to  provide d i s p l a y  sepa ra t ion ,  he/she should 
promptly n o t i f y  the  c o n t r o l l e r  if the other a i r c r a f t  is no longer displayed or 
i f  t he  p i l o t  cannot accept  the r e s p o n s i b i l i t y  f o r  t he  sepa ra t ion  f o r  any reason. 

D. In  cases  no t  involving i n - t r a i l  following, t he  c o n t r o l l e r  s h a l l  advise  t h e  
second a i r c r a f t  of the  i n t e n t i o n s  of the f i r s t  a i r c r a f t .  
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EXAMPLE: I 

E. 

F. 

I 

1 

TRAFFIC (number) O'CLOCK, (number) MILES ( d i r e c t i o n )  BOUND, HAS YOU COCKPIT I 
I I D E N T I F I E D ,  WILL M A I N T A I N  DISPLAY SEPARATION AND CLIMB/DESCEND THROUGH YOUR 

ALTITUDE. 

A p i l o t ' s  acceptance of i n s t r u c t i o n s  t o  provide d i s p l a y  sepa ra t ion  from heavy I 

j e t  a i r c r a f t  i s  a l s o  an acknowledgement t h a t  t he  p i l o t  accepts  t h e  
r e s p o n s i b i l i t y  f o r  wake turbulence separation. 

NOTE: Minimum long i tud ina l  wake turbulence sepa ra t ion  is s i x  n a u t i c a l  m i l e s  

I 
I 

1 

I when i n  t r a i l  of a heavy j e t  a i rcraf t .  

P i l o t s  should remember t h a t  t he  a v a i l a b i l i t y  of a CDTI does no t  preclude t h e i r  
regula tory  r e s p o n s i b i l i t y  (FAR 91 .67(a) )  t o  see and avoid o the r  a i r c r a f t  when 
weather condi t ions permit.  

D I S P L A Y  APPROACH 

A. 

B. 

C. 

When it w i l l  be ope ra t iona l ly  b e n e f i c i a l ,  ATC may au tho r i ze  an a i r c r a f t  to  con- 
duc t  an ILS or MLS approach t o  an a i r p o r t  while  maintaining a sepa ra t ion  
i n t e r v a l  behind a preceding a i r c r a f t  as s p e c i f i e d  i n  the  approach c learance .  
This s e l f - sepa ra t ion  t a sk  may only be conducted by a i r c r a f t  equipped with an 
opera t ing  CDTI. 

Display approaches are i n i t i a t e d  by ATC to  expedi te  t r a f f i c  and reduce 
c o n t r o l l e r  workload by al lowing the  p i l o t  t o  sha re  the  sepa ra t ion  
r e s p o n s i b i l i t y .  It is the  p i l o t ' s  r e s p o n s i b i l i t y  to  advise  ATC as soon as 
poss ib l e  i f  a d i s p l a y  approach is not  des i r ed  o r  cannot be continued. 

Con t ro l l e r s  may au thor ize  a d i s p l a y  approach provided: 

D .  

( 1 )  The a i r c r a f t ' s  CDTI is  ope ra t iona l  and the  p i l o t  agrees .  

(2) The preceding a i r c r a f t  has been p o s i t i v e l y  i d e n t i f i e d  on the  p i l o t ' s  CDTI. 

( 3 )  Approved sepa ra t ion  is  appl ied  between a i r c r a f t  so c l ea red  and between these  
a i r c r a f t  and o the r  I F R  or s p e c i a l  VFR a i r c r a f t .  

EXAMPLE : 

Once the  p i l o t  has reported having i d e n t i f i e d  the  correct preceding a i r c r a f t :  

MAINTAIN (number) SECONDS I N  TRAIL OF (preceding t r a f f i c ' s  i d e n t i f i c a t i o n )  
( r e s t r i c t i o n s  as a p p r o p r i a t e ) ,  CLEARED FOR ILS/MLS RUNWAY (number) DISPLAY 
APPROACH 

Acceptance of a d i sp lay  approach c learance  t o  fol low a preceding a i rcraf t  is 
p i l o t  acknowledgement t h a t  he w i l l  maintain the  prescr ibed  sepa ra t ion  i n t e r v a l  
( p l u s  or  minus 15 seconds) behind the  preceding a i r c r a f t  u n t i l  c ros s ing  the  
f i n a l  approach f i x .  The p i l o t  is then a l s o  respons ib le  f o r  maintaining a t  least  
t h e  minimum wake turbulence sepa ra t ion  throughout t he  remainder of t he  approach 
u n t i l  the preceding a i r c r a f t  c ros ses  the  landing threshold .  
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NOTE: Minimum long i tud ina l  wake turbulence sepa ra t ion  is s i x  n a u t i c a l  miles when 
i n  t r a i l  of a heavy j e t  a i r c r a f t .  

~ E. Af te r  being c l ea red  f o r  a d i s p l a y  approach, t he  p i l o t  s h a l l  proceed v i a  a 
similar ground t r ack  as the  preceding a i r c r a f t  - while complying with a l l  ATC 
and char ted  a l t i t u d e  r e s t r i c t i o n s  and separa t ion  requirements - t o  the ILS/MLS 

i 
j approach i n  use. 

F. A d i s p l a y  approach, because it uses ILS or MLS guidance, is an IAP. Therefore ,  
i f  a go around is necessary for any reason, a i r c r a f t  w i l l  be expected t o  execute  
t h e  missed approach procedure as published on the  app l i cab le  ILS/MLS approach i c h a r t ,  

I 

G. The c o n t r o l l e r  s h a l l  

( 1 )  I ssue  a d i sp lay  approach c learance  to appropr i a t e ly  equipped a i r c r a f t  when 
the  p i l o t  reports having p o s i t i v e l y  i d e n t i f i e d  the  a i r c r a f t  which is t o  be 
followed. 

(2) Continue f l i g h t  fol lowing and t r a f f i c  adv i so r i e s  u n t i l  t he  a i r c r a f t  is 
i n s t r u c t e d  to  con tac t  t he  tower. 

( 3 )  Inform the  p i l o t  conducting the  d i sp lay  approach of the a i r c r a f t  class when 
p e r t i n e n t  t r a f f i c  is known to  be a heavy a i r c r a f t .  

CDTI Pre-Brief I t e m s  

1 .  Purpose of t he  s tudy is t o  eva lua te  impact of CDTI on cockpi t  workload and 
procedures.  Display format and s p e c i f i c  CDTI procedures are not  t he  main t o p i c s  
of t he  s tudy;  however, comments and suggestions f o r  improvements w i l l  be 

I s o l i c i t e d  f o r  t hese  i t e m s .  

2. CDTI d i s p l a y  and se l f - sepa ra t ion  procedures are candida te  concepts only and do 
not  r ep resen t  any c u r r e n t  FAA plans.  

3 .  TCAS used to  d i s p l a y  t r a f f i c  is  a f a i r l y  accurate model of Bendix enhanced 
TCAS I1 c u r r e n t l y  under development. Major d i f f e r e n c e s  i n  our model: 

I - a l l  t r a f f i c  wi th in  range of the sensor a r e  displayed.  

- proximity,  t h r e a t ,  and r e so lu t ion  advisory a i rcraf t  w i l l  be d isp layed  as 
f l a s h i n g  symbols of appropr ia te  color .  N o  a u r a l  alarm o r  TCAS computed 
r e s o l u t i o n  maneuver w i l l  be given. 

- lead aircraft  i n  se l f - spac ing  w i l l  au tomat ica l ly  be t racked by WAS, 
r ega rd le s s  of t h r e a t  s t a t u s .  

4. CDTI/touchpanel d i s p l a y  is a research  s y s t e m  and has not  been r e f ined  f o r  
ope ra t iona l  use. 

- response t i m e  of touchpanel is slower than des i r ed .  

- d i s p l a y  sof tware has not  been developed and r e f ined  t o  proper ly  
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- disp lay  sof tware has  no t  been developed and r e f i n e d  t o  proper ly  
handle TCAS i n i t i a l i z a t i o n  and dropout  c h a r a c t e r i s t i c s .  Large 
t r a n s i e n t s  i n  t a r g e t  p o s i t i o n s ,  groundspeeds, and p r e d i c t o r  vec tors  
may occur from t i m e  t o  t i m e .  

5. CDTI se l f - sepa ra t ion  r equ i r e s  proper  i n t e r p r e t a t i o n  of d i s p l a y  information.  

- own and t a r g e t  p r e d i c t o r  vec to r s  i n d i c a t e  p o t e n t i a l  h o r i z o n t a l  
c o n f l i c t s .  Maneuver t o  prevent  t a r g e t  from e n t e r i n g  your 3 n.mi. 
a i r space  i f  a l t i t u d e  c l ea rance  is  no t  poss ib l e .  

- matching own p r e d i c t o r  length  with speed r e fe rence  arc w i l l  
maintain proper  i n - t r a i l  spacing. 

- groundspeed of lead a i rcraf t  is no t  reliable while  t h e  a i r c r a f t  is 
turn ing .  

- i n - t r a i l  spacing w i l l  r e q u i r e  some speed b r a k e / t h r o t t l e  i n  order  t o  
maintain proper  speeds.  Do not  r e l y  on p i t c h  t o  c o n t r o l  a i r speed .  
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APPENDIX C 

TEST QUESTIONNAIRES 

P i l o t ' s  Questionnaire 

P i l o t :  D a t e  : 

Please  c i rc le  your answer t o  the  fol lowing ques t ions :  

1.  How d i d  us ing  the  t r a f f i c  d i s p l a y  f o r  a i r c r a f t  s epa ra t ion  a f f e c t  your workload 
compared to  the  f l i g h t s  where sepa ra t ion  w a s  provided by ATC? 

unacceptable  acceptable no e f f e c t  s m a l l  decrease l a r g e  decrease  
i n c r e a s e  i n  inc rease  i n  on i n  i n  
work load work load workload work load workload 

2. HOW l i k e l y  do you f e e l  it is t h a t  a cockpi t  t r a f f i c  d i s p l a y  would cause 
a d i s t r a c t i o n  from necessary cockpi t  du t i e s?  

very l i k e l y  moderately not  
l i k e l y  l i k e l y  l i k e l y  

3 .  How conf iden t  do you f e e l  about  your understanding and a b i l i t y  to  use the t r a f f i c  
d i s p l a y  e f f e c t i v e l y  and s a f e l y  f o r  maintaining sepa ra t ion?  

n o t  very s l i g h t l y  somewhat acceptab ly  very 
conf iden t  conf ident  conf iden t  conf iden t  conf iden t  

4.  Do you f e e l  that the system as used i n  t h i s  s imula t ion  w i l l  r e s u l t  i n  a more safe 
or less s a f e  ope ra t ion  with r e s p e c t  to  c o l l i s i o n  avoidance? 

much less somewhat less no change somewhat more much more 
s a f e  s a f e  i n  s a f e t y  s a f e  s a f e  

5. Was t h e  s imula t ion  adequately realist ic f o r  t h e  purposes of t h i s  experiment? 

very somewhat somewhat acceptab le  very 
u n r e a l i s  t i c  u n r e a l i s t i c  real is t ic  realism realis t i c  

6. Based on your f l y i n g  experience and your p a r t i c i p a t i o n  i n  t h i s  experiment,  l i s t  
t h e  b e n e f i t s  and l i m i t a t i o n s  of a cockpi t  t r a f f i c  d i s p l a y  i n  genera l ,  and t h e  use 
of the  d i s p l a y  f o r  maintaining separa t ion  from o the r  a i r c r a f t .  
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Provide any comments or suggest ions you may have i n  regard t o  the  fol lowing:  

7. The t r a f f i c  d i sp l ay  format and information.  

8. The touchpanel opera t ion .  

9. The CDTI se l f - sepa ra t ion  procedures.  

10. The experiment i n  gene ra l ,  



t 

Post -F l ight  Questionnaire 

Condition number: P i l o t :  

1 .  I n d i c a t e  your r a t i n g  of the  cockp i t  workload a s soc ia t ed  with the  previous f l i g h t .  

(Low 1 (High) 
Task demands 1 2 3 4 5 6 7 8 9 1 0  
S t r e s s  1 2 3 4 5 6 7 8 9 1 0  
Phys ica l  e f f o r t  1 2  3 4 5 6 7 8 9 10 
Mental e f f o r t  1 2  3 4 5 6 7 8 9 10 
Achievement 1 2 3 4 5 6 7 8 9 1 0  
Comfort w/task 1 2 3 4 5 6 7 8 9 1 0  

2. How conf iden t  w e r e  you i n  the  t r a f f i c  s i t u a t i o n  on the  previous f l i g h t ?  
( n o t  conf iden t )  1 2 3 4 5 6 7 8 9 10 (very  conf iden t )  
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TABLE I.- T R A I N I N G  AND TEST RUN SEQUENCE 

cond i t ion  

P rac t i cea  
1 
2 
3 
4 
5 

3 r epea t  
1 r e p e a t  

Event 
( a )  

bx x x x x - - x 
x - -  x x x x x  
x x x x x x x x  
x x x x x x x x  
x x x x x x x x  
x x x x x x x x  
x x x x x x x x  
x - x x x x x x  

1 
2 
3 
4 
5 
5 
7 
8 
9 

10 
1 1  

1 P i l o t  deb r i e f ings  and workload r a t i n g s  
w e r e  conducted a f t e r  each d a t a  run, I a c t u a l  dura t ion  of even t s  va r i ed  

L between crews 

A c t i v i t y  

Simulator  f a m i l i a r i z a t i o n  
CDTI f a m i l i a r i z a t i o n  

CDTI se l f - spac ing  p r a c t i c e  
Condition 1 approach d a t a  run  
Condi t ion 2 approach d a t a  r u n  

Condition 4 depa r tu re  d a t a  run 
Condition 5 depar ture  data run 

Condit ion 3 repeat 
Condit ion 1 r e p e a t  

Debrief ing 

n r r m r 7 :  t: rr- --...-rr-..l. A - t -  .-..- 
b U . A . A & & A U , &  3 U y y L u U b I .  uucu LU,, 

CDTI l e v e l  

N o  CDTI  
CDTI monitoring 

n n m T  ---l F _^--I: -- 
L U L L  .>CIL z.yclbLlly 

No CDTI 
CDTI s e l f - sepa ra t ion  

CDTI se l f - spac ing  
No CDTI  

Durat ion,  
h r  

3 .O 
2 .o 
2 .o 
0.5 
0.5 

0.2 
0.2 
0.5 
0.5 
1 .o 

n c  u . 3  

a Events  1 through 3 were conducted on f i rs t  day; events  4 through 11  on 
second day. 

TABLE 11.- TEST MATRIX 

C r e w  number I- ~~ ~~ 

1 T e s t  

apractice run was cond i t ion  1 wi thout  

b Ind ica t e s  completed run. 
t r a f f i c  . 
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TABLE 111.- PILOT WORKLOAD RATINGS FOR CDTI MONITORING 

Standard 
de vi at ion 

Workload 
measure Mean 

1 1 No CDTI 1 CDTI monitoring I 
Standard t-value 
devi a tion Mean 

Flying pilot I 
~ 

Task demand 
Stress 
Physical effort 
Mental effort 
Achievement 
Comfort with task 
Traffic confidence 

3.58 
3.23 
3.46 
3.65 
7.08 
7.46 
7.35 

1.44 
1 .25 
1.39 
1.49 
1.49 
1.12 
1.38 

3.00 
2.75 
3 .oo 
3.25 
7.50 
7.50 
8.63 

1.22 
1.20 
1.22 
1.48 
1.58 
1 .58 
0.99 

0.952 
0.880 
0.779 
0.61 4 
-0.628 
-0.067 
a-2. 295 

Nonflying pilot I 
Task demand 
Stress 
Physical effort 
Mental effort 
Achievement 
Comfort with task 
Traf€ic confidence 

3 .OO 
2.54 
2.77 
2.85 
7.1 5 
7.15 
6.92 

1.20 
0.55 
0.50 
0.70 
0.36 
1 .66 
1.66 

3.75 
3 .OO 
3.25 
4.13 
7.38 
7.50 
8 .OO 

~ 

1.09 
1.22 
1.09 
1 .I7 
1.73 
1 .50 
1.32 

-1.456 
-1 .223 
-1.428 
b-3.244 
-0.470 
-0.487 
-1.569 

a5-percent significance level. 
b~ -percent significance level. 
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TABLE 1V.- PILOT WORKLOAD RATINGS FOR CDTI SELF-SPACING 

a-2. 155 
-1 .651 
-1.176 

a-2 .OS6 
-0.1 50 

a 1.722 
-2.376 

b-2.849 
b-2 .849 
b-2.61 3 
b-4 .439 

-1.602 
-0.487 

a-2. 1 78 

No CDTI 

. 

Standard 
dev ia t ion  

Workload 
measure 

4.25 
3.44 
3.50 
4.44. 
7.69 
7.19 
8.06 

Task demand 
S t r e s s  
Phys ica l  e f f o r t  
Mental e f f o r t  
Achievement 
Comfort w i th  t a s k  
T r a f f i c  confidence 

1.20 
1 .06 
0.94 
1 .17 
1.20 
1 .42 
1.20 

3.58 
3.23 
3.46 
3.65 
7.08 
7.46 
7.35 

Task demand 
S t r e s s  
Phys ica l  e f f o r t  
Mental e f f o r t  
Achievement 
Comfort with t a sk  
T r a f f i c  confidence 

F ly ing  p i l o t  

1.44 
1 .25 
1.39 
1.49 
1.49 
1.12 
1.38 

CDTI se l f - spac ing  
~~ 

Standard 
dev ia t ion  Mean I 

4.1 6 1.78 
1 .80 

7.1 6 1.34 
6 .50 1 .80 
8.00 1.22 

Nonflying p i l o t  

3.00 
2.54 
2.77 
2.85 
7.1 5 
7.15 
6.92 

1.20 
0.55 
0.50 
0.70 
0.36 
1 .66 
1.66 

t -va lue  1 

a~-percent  s i g n i f i c a n c e  l e v e l .  
bt -percent  s i g n i f i c a n c e  l e v e l .  
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ATC P a r t y  l i n e  V o i c e  C o m m u n i c a t i o n s  
I 1 I 

- - 
Open;  n o t  m a t c h e d  

CONTROLLEI 
STRT ION COCKP I T 

/ I DC-9 

C l o s e d ;  m a t c h e d  

RADIO FREQUENCY MFlTCHING 
Freq ue n c  y 

C o n t r o l l e r  

Scope  

P i  c t u r e  

GRRPH I CS 
COMPUTER 
[EVANS and  

SUTHERLUND I 

P l c t u r e  

I n t e r f a c e  

GRFlPH I CS 
4 - COMPUTER 

Traf f 1 c 
Data 

I RDAGE 1 

TRRFFIC TRPE 

Figure 1 . -  Block diagram of research system. 
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L-83-7,832 
Figure 3. -  A i r  t r a f f i c  con t ro l  s t a t i o n .  
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1 TRRFI  [ R L E R T S I  1 15 MILES 
I I \ 

Map s c a l e - \  

-7 
, ! P r e d i c t o r  Traf f l c  

Own t r a c k  

1 EF1806 
\1 T r a f f l c l  

/ 2 3  

s y m b o  I 
P r e d l  c t o r  r e f e r e n c e  m a r k s  I 0 

Own 

Own a [ r c T  

a f f l c  d a t a  t 

3 - n . m l .  a r c  

27 104 

Own g r o u n d s p e e d  i Own a l t l t u d e  

MAP 

7 
10 % 

80 % 

10 % 

Figure 4.- CDTI display format. 
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DEN DE WATKI 
t/ 

RAMAH 

ELBEC 

0 N a v i g a t i o n  i n t e r s e c t i o n  
0 VORTRC s t a t i o n  
0 O u t e r  m a r k e r  l o c a t i o n  - 

0 30 n. ml. 

Figure 5 . -  Map display format. 
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RLT ITUDE 

w i t h i n  500 f t  
o f  o w n  a l t i t u d e  

500 f t  o r  m o r e  
a b o v e  o w n  a l t i t u d e  

500 f t  o r  m o r e  
b e l o w  o w n  a l t i t u d e  

TCRS TRRCKING STRTUS 

TRRCKED I NOT TRQCKED 

0 3rt 

n 

Figure 6.- Traffic symbology. 
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7 Lead at rcraf t 

0 0  
0 % 

0 

Speed r e f e r e n c e  a r c  
0 

0 

D e s i r e d  l o c a t i o n  

f o r  own-aircraf t 

symbo I < 
0 

25 135 

Spaclng b o x  

groundspeed 

and  a l t i t u d e  

Figure  7.- Lead a i r c r a f t  spac ing  information.  
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8 
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Flying pilot 

Nonflying pilot 

Y / / I\\\\\Y Y / / I  Y / / \\\\\I 

Distraction Distraction D i s t r a c t i o n  D i s t r a c t i o n  No 
very likely likely moderately n o t  l i k e l y  res pons e 

l i k e l y  

F igure  8.- P i l o t  r a t i n g  of CDTI d i s t r a c t i o n  from normal c o c k p i t  d u t i e s .  
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Figure 9.- Frequency of airspeed excursions. 
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Figure 10.- Magnitude of airspeed excursions. 
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Not very Slightly Somewhat Acceptably Very No 
confident confident confident confident confident response 

Figure 11.- Pilot rating of confidence with using CDTI for self-spacing. 
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10 r 
r;T71 Flying p i l o t  

g -______ c 
Nonflying p i l o t  

6 

5 

4 

3 

2 

1 

0 pz&\y p;’/A\\\ / 

CDTI s e l f - spac ing  

‘\ 

CDTI monitoring No CDTI 

( a )  Task demand. 

10 
1771 Flying p i l o t  

Nonflying p i l o t  

No CDTI CDTI monitoring CDTI s e l f - spac ing  

(b) S t r e s s .  

F i a u r e  12.- P i l o t  r a t i n a s  of workload d u r i n s  a m r o a c h  s c e n a r i o s .  
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(c) Physical effort. 

I ea Flying pilot 
1 

1 
! Nonflying pilot 

1 

5 

4 

3 

2 

1 

0 

C D T I  self-spacing No C D T I  C D T I  monitoring 

( d )  Mental effort. 

Figure 1 2 .- Continued. 
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(f) Comfort with t a sk .  

Figure 1 2. Concluded. 
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(a) Outer marker. 
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(b) Runway threshold. 

Figure 13.- Interarrival times for approach scenarios. 
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F igure  14.- Airplane e f f i c i e n c y  a t  outer  marker f o r  approach s c e n a r i o s .  
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(a) Number of communications. 
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(b) Average time per communication. 

Figure 15.- A X  communication loading during approach scenarios. 
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Figure 16.- ATC communication loading during departure scenarios. 
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